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The  primary  objective  of  this  program  was  the  development  of  experi 
mental  techniques  for  determining  important  optical  and  mechanical 
properties  of  surfaces  and  of  coatings  for  infrared  laser  optical  components. 
Secondary  objectives  included  evaluation  of  surface  fabrication  and  cleaning 
techniques  for  important  laser  window  materials,  a search  for  liquid  coolants 
for  infrared  lasers,  and  delivery  of  candidate  window  materials  to  the 
Monitoring  Agency  for  chemical  laser  testing. 
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lAbstract  (c  mtinued) 


I.aser  calorimetry  was  applied  to  the  determination  of  absorp- 
tion coefficients  of  optical  films  and  a study  of  commercially  available  exam- 
ples of  thorium  fluoride,  arsenic  trisulfide,  zinc  sulfide  and  zinc  selenide 
films  was  made*  Absorptivities  measured  at  5*25  and  at  10*G  micro- 
meters were  found  to  exceed  bulk  values  and  to  vary  significantly  not  only 
among  suppliers  but  also  between  depositions  for  single  vendors. 


Attenuated  total  reflection  spectroscopy  was  used  to  determine  absorp- 
tion behavior  of  the  films  between  2.f>  micrometers  and  the  infrared  cutoff  of 
their  substrates,  (exploratory  development  of  a more  sensitive  technique  for 
determining  wavelength  dependence  of  absorption  and  scattering  began  and  an 
intense  black  body  point  source  was  designed  and  constructed. 


An  apparatus  for  determining  the  microhardness  of  thin  films  was  de- 
signed and  constructed.  The  device  will  produce  indentations  on  the  order  of 
1000  angstroms  deep  and  record  the  load  and  depth  automatically,  film  ma- 
terials were  found  to  be  harder  than  their  corresponding  bulk  materials. 
Areas  of  application  of  microhardness  testing  to  thin  film  work  incluie 
separation  of  film  from  substrate  properties,  adhesion  testing,  and  quantita- 
tive determination  of  the  effects  of  environmental  exposure  to  film  hardness 
and  adhesion. 


Preparation  and  cleaning  procedures  were  developed  which  produced 
optically-figured  alkaline  earth  fluoride  surfaces  free  of  microscopically 
detectable  defects  and  residues  which  absorb  5*25  micrometer  radia- 
tion significantly.  Evidence  that  the  surfaces  of  alkaline  earth 
fluorides  are  major  contributions  to  their  total  absorptivity  at  hydrogen 
and  deuterium  fluoride  laser  wavelengths  was  produced. 


Six  tw'o-inch  diameter  polycrvstalline  strontium  fluoride  specimens 
manufactured  at  Raytheon  by  fusion  casting  were  fabricated  into  windows  by 
the  diamond  abrasive  polishing  techniques  developed  on  this  program  and 
delivered  to  the  Monitoring  Agency. 
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TKCIINICAL  RKPORT  SUMMARY 


A . Program  Objectives 

The  primary  objective  of  this  program  was  the  development  of 
experimental  techniques  for  determining  important  optical  and  mechanical 
properties  of  surfaces  and  coatings  for  infrared  laser  components.  Laser 
window  tec lmology  has  matured  rapidly  over  the  past  several  years;  although 
the  difficulties  attending  the  production  of  optimized  bulk  material  have  not 
b,.on  completely  resolved,  the  time  has  arrived  for  a closer  evaluation  of 
their  surfaces  and  coatings.  Surface  and  coating  properties  either  do  now 
or  soon  will  limit  the  absorptive  loss,  light  scattering,  laser  damage 
threshold,  mechanical  stability,  and  environmental  durability  of  laser 
optical  components.  Techniques  for  determining  all  these  properties  and 
relating  them  to  the  details  of  the  surface  or  coating  fabrication  procedures 
must  eventually  he  developed. 

This  project  focussed  primarily  on  determining  the  infrared  absorpti- 
vities  of  important  optical  film  materials  obtained  from  commercial  suppliers 
(as  thin  films)  and  the  application  of  microhardness  testing  to  the  study  of  the 
mechanical  properties  of  thin  films.  The  secondary  objectives  included:  the 
evaluation  of  surface  finishing  techniques  for  important  laser  window  materials, 
the  search  for  liquids  which  were  sufficiently  transparent  at  infrared  laser 
wavelengths  to  be  useful  as  laser  coolants,  and  the  delivery  of  characterized 
specimens  of  window  materials  to  the  Monitoring  Agency  for  testing  with 
chemical  lasers. 

R . Significant  Accomplishments 

Laser  calorimetry  was  shown  to  be  a reliable  technique  for  deter- 
mining the  absorptivities  of  infrared  optical  films.  A theory  which  permits 
calculation  of  the  film  absorption  coefficient  from  calorimeter  data  and 
other  film  and  substrate  parameters  was  derived.  Thin  films  of  zinc  sulfide,  zinc 
selenide , thorium  fluoride,  and  arsenic  trisulfide  obtained  from  commercial 
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suppliers  were  evaluated  by  laser  calorimetry  at  5.25  and  10.6  micro- 
meters. The  results  demonstrate  that  the  film  absorptivities  sub- 
stantially exceed  the  values  of  their  corresponding  bulk  materials, 
that  very  large  variations  in  the  film  absorptivity  occur  not  only  from 
supplier-to-supplier  but  also  from  deposition-to-deposition  for  single 
suppliers,  and  that  it  is  the  deposition  process  and  not  any  fundamental 
characteristic  of  the  film  materials  which  limits  their  absorptivity. 

The  minimum  detectable  absorption  coefficients  for  the  films  studied 
during  this  program  were  usually  limited  by  the  variability  of  the 
substrate  absorptivities  to  approximately  one  reciprocal  centimeter. 

Tile  use  of  more  uniform  substrates  should  improve  the  lower  limit  to 
a few  tenths  of  a reciprocal  centimeter. 

Attenuated  total  reflection  spectroscopy  was  used  to  study  the 
absorption  behavior  of  the  commercially-supplied  films  at  a lower 
sensitivity  than  laser  calorimetry  but  at  all  wavelengths  between  2.5 
micrometers  and  the  infrared  cut-off  of  the  substrates.  This  technique 
increases  the  sensitivity  of  detection  of  surface  absorptions  over  con- 
ventional transmission  spectroscopy  by  means  of  multiple  reflections  of 
the  probe  beam  from  the  film/substrate  surface.  ATR  spectra  could 
not  be  quantitatively  correlated  with  the  laser  calorimetry  results,  but 
the  thorium  fluoride  and  zinc  sulfide  spectra  did  contain  characteristic 
absorptions  which  varied  in  intensity  from  supplier-to-supplier  and  could 
be  qualitatively  correlated  with  the  calorimetric  results.  Hydrocarbon 
contamination  of  the  specimens  was  generally  observed  in  the  form  of 
characteristic  absorptions  in  the  3.  4-3.  5 micrometer  range.  We  point 
out  that  these  absorptions  have  a tail  which  extends  to  the  deuterium 
fluoride  laser  wavelengths  near  3.8  micrometers. 

Exploratory  development  of  a technique  which  would  greatly  in- 
crease the  sensitivity  of  absorption  and  scattering  measurements  of  thin 
films  at  all  infrared  wavelengths  was  begun.  An  apparatus  for  the 
measurements  was  designed  and  a high  intensity  black-body  point  source 
was  constructed  for  it. 

A new,  highly-sensitive  apparatus  for  measuring  the  microhard- 
ness of  thin  films  was  designed  and  constructed.  The  apparatus  will 
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produce  indentations  on  the  order  of  a tenth  micrometer  deep  and  auto- 
matically determine  the  applied  load  and  indentation  depth.  Operational 
characteristics  of  the  apparatus  were  determined  and  three  areas  of 
application  to  the  study  of  thin  film  mechanical  properties  were  identified. 

1.  Direct  microhardness- measurement  - Film  materials  were 
found  to  be  approximately  four  times  harder  than  their  corresponding  bulk 
materials.  Planned  refinements  of  the  apparatus  may  permit  correlation 

of  film  microhardness  with  deposition  conditions  and  macroscopic  durability. 

2.  Film  adhesion  - Indentation  of  arsenic  trisulfide  films  fre- 
quently produced  lifting  of  quantities  film  from  their  substrates  the  extent 
of  which  increased  with  inc reasing  loads  applied  to  the  indenter.  In  some 
cases,  these  films  passed  the  cellophane  tape  test  commonly  used  for  ad- 
hesion evaluation.  A more  thorough  study  of  this  effect  might  produce  im- 
proved methods  for  determining  the  adhesion  of  marginally  adherent  films. 

2.  Fnvironmental  stability  of  surfaces  - Fresh  chemically 
polished  surfaces  of  potassium  chloride  could  be  distinguished  from  older 
weathered  surfaces  by  their  indentation  behavior.  Degradations  of  film 
properties  caused  by  environmental  exposure  should  be  determinable  by 
quantitative  microhardness  measurements  made  either  after  the  exposure 
or  during  it,  with  the  apparatus  mounted  in  the  test  chamber. 

An  apparatus  for  determining  thin  film  adhesion  by  the  "scratch" 
method  was  also  constructed.  In  this  technique  a diamond  stylus  under 
a series  of  increasing  loads  is  dragged  over  the  film  surface  and  the 
adhesion  ranked  by  the  minimum  load  required  to  remove  the  film. 

Nomarski  interference  microscopy  was  used  to  inspect  the  scratched 
surfaces.  The  method  was  found  to  be  less  useful  for  transparent  optical 
films  than  for  the  metallic  films  with  which  it  has  largely  been  associated. 
Scanning  electron  microprobe  techniques  could  be  used  to  improve  the 
usefulness  substantially. 

Surface  finishing  procedures  for  strontium  fluoride  was  explored 
and  a technique  for  producing  scratch-free,  optically-figured  surfaces 
on  polycrystalline  specimens  of  the  material  was  developed.  This 
technique  represents  a substantial  advance  of  the  state-of-the-art  of 
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surface  finishing  beyond  that  used  to  polish  the  vendor-supplied  substrates 
used  for  the  thin  film  studies  of  this  program.  Surface  cleaning  procedures 

which  produced  per  surface  fractional  absorptions  on  strontium  fluoride 

_ 5 

(determined  at  5.25  micrometers)  of  1-3  X 10  were  developed.  Coopera- 
tive efforts  carried  out  with  Professor  Harrington  of  the  University  of 
Alabama,  Huntsville,  during  the  course  of  this  project  have  determined 
that  surface  effects  are  major  contributors  to  the  absorptivity  of  alkaline 
earth  fluorides  at  the  deuterium  and  hydrogen  fluoride  laser  frequencies. 

Six  two-inch  diameter  specimens  of  polycrystalline  strontium  fluoride 
produced  at  the  Raytheon  Research  Division  by  fusion  casting  were  fabri- 
cated into  windows  by  the  diamond  abrasive  polishing  technique  developed 
during  this  project  and  delivered  to  the  Monitoring  Agency  for  evaluation. 

Finally,  a literature  search  for  liquids  which  were  sufficiently 
transparent  at  important  infrared  laser  wavelengths  to  be  useful  as  laser 
coolants  was  carried  out.  No  candidate  materials  were  identified. 

C . Conclusions 

'■  i 

The  tasks  of  this  project  have  addressed  a broad  range  of  subject 
matter  within  the  purview  of  surface  characterization  of  optical  elements 
and  significant  contributions  have  been  made  in  all  areas. 

The  applicability  of  laser  calorimetry  to  the  study  of  infrared 
optical  thin  films  was  established  and  the  first  evaluation  of  the  present 
state-of-the-art  of  commercial  samples  was  completed.  Correlation 
of  film  absorptivity  with  deposition  conditions  is  an  important  research 
area  which  should  be  pursued  vigorously.  Continuing  assessments  of 
commercially-available  films  should  be  made  to  document  processing 
advances. 

The  results  of  this  project  demonstrate  that  with  the  possible 
exception  of  thorium  fluoride,  the  absorptivities  of  presently  available 
films  are  determined  by  their  fabrication  procedures  and  not  by  funda- 
mental film  or  material  properties. 


Optical  evaluation  experiments  should  be  extended  to  include 
calorimetry  at  chemical  laser  wavelengths  and  measurements  of  light 
scattering  behavior  of  the  films.  Absorption  and  scattering  behavior 
should  be  correlated  with  laser  damage  behavior,  if  possible,  to  provide 
nondestructive  testing  procedures  for  optical  films.  In  this  context, 
the  integrated  optics  techniques  developed  during  this  project  should 
continue. 


Microhardness  testing  of  thin  films  was  developed  arid  shown  to 
be  capable  of  providing  a new  approach  to  the  study  of  thin  film  mechani- 
cal properties.  The  utility  of  this  technique  extends  to  thin  films 
generally.  The  effort  should  continue,  the  technique  should  be  refined 
and  used  to  correlate  film  properties  with  deposition  conditions,  deter- 
mine environmental  effects  on  film  hardness  and  adhesion,  and  correlate 
microhardness  behavior  with  macroscopic  film  durability  tests. 

Surface  preparation  procedures  which  simultaneously  produce 
minimal  surface  absorption,  maximum  mechanical  strength,  and  maxi- 
mum adherence  for  optical  coatings  deposited  onto  them  must  be  de- 
veloped. Preparation  and  cleaning  procedures  which  are  capable  of 
producing  optically-figured  alkaline  earth  fluoride  surfaces  which  are 
free  of  microscopically  detectable  defects  and  residues  which  absorb 
5.25  micrometer  radiation  significantly  are  now  available.  These  should 
now  be  optimized  for  performance  at  chemical  laser  wavelengths. 
Chemical  polishing,  vacuum  heat  treatments,  and  perhaps  ion  beam 
polishing  should  be  pursued. 
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INTRODUCTION 


i'h<‘  extensive  studies  of  infrared  optical  materials  which  have  been 
conducted  over  the  past  several  years  have  produced  many  notable  successes. 
Theoretical  bases  for  identification  and  characterization  of  potential  window 
materials  have  been  developed.  Manufacturing  methods  for  materials  so 
identified  are  progressing  rapidly  at  Raytheon  and  elsewhere.  As  ol  this 
writing,  polycrvstalline  zinc  selenide  with  absorption  coefficients  in  the 
mid  10  cm  range  at  10.6  micrometers  is  available  in  sizes  as  large 
as  7a  centimeter  squares.  .Alkali  halide  materials  for  use  at  the  same  wave- 
length are  being  developed.  Absorption  coefficients  at  5.25  micrometers  as 
low  as  4 v 10  1 cm  have  been  measured  lor  polycrystalline  alkaline  earth 
fluorides,  and  work  on  these  and  oxide  materials  for  use  at  chemical  laser 
wavelengths  is  continuing.  In  sum,  the  laser  window  materials  effort  has 
made  possible  the  production  of  optical  elements  for  use  at.  important 
infrared  laser  wavelengths  which  will  absorb  no  more  than  10”4  of  the 
radiation  incident  upon  them.  While  much  development  of  hulk  materials 
remains  to  be  done  - simultaneous  maximization  of  mechanical  strength, 
optical  transparency,  laser  damage  resistance,  and  thermal  shock  resis- 
tance has  not  been  reported  for  any  material  - the  rapid  progress  which 


has  taken  place  permits  more  attention  to  be  given  to  other,  related  areas 
of  concern.  Among  these,  perhaps  the  most  pressing  is  the  production  and 
characterization  of  low-loss,  low-scatter,  damage-resistant  surfaces  and 
coatings  on  the  window  materials. 


The  experimental  work  discussed  in  this  report  has  largely  been 
directed  toward  the  optical  and  mechanical  characterization  of  infrared 
optical  thin  films  which  were  obtained  from  commercial  vendors.  Optical 
characterization  work  includes  laser  calorimetry,  which  was  used  to 
measure  absorption  coefficients  at  5.25  and  10.6  micrometers;  attenuated 
total  reflection  spectroscopy,  which  was  used  to  determine  the  presence 
of  absorption  bonds  in  the  films;  and  an  attempt  to  use  integrated  optics 
techniques  to  couple  light  into  the  films  for  absorption  and  scattering 
measurements.  Calorimetry  and  ATR  spectroscopy  have  not  been  widely 
applied  to  optical  films  which  until  the  appearance  of  high-power  lasers, 
were  required  only  to  have  the  correct  wavelength  dependence  of  trans- 
mission or  reflection. 
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Mechanical  characterization  of  thin  films  by  contrast,  has  received 
considerable  attention  over  many  years.  The  subject  is  very  complex  be- 
cause the  mechanical  properties  of  both  the  thin  film  and  its  substrate  and 
the  strength  of  the  film -substrate  bond  combine  in  an  unknown  way  to 
determine  the  results  of  most  traditional  mechanical  properties  tests., 

As  a result,  mechanical  testing  of  films  consists  largely  of  user-oriented 
engineering  tests  which  cannot  be  used  to  understand  the  properties  of  the 
films  themselves.  During  the  course  of  this  project,  an  apparatus  for 
measuring  the  microhardness  of  thin  films  was  designed  and  constructed. 
Preliminary  results  obtained  with  the  instrument  indicate  that  it  may  be 
used  to  study  the  environmental  stability  and  in  some  cases  the  adhesion 
of  thin  films,  as  well  as  their  microhardness.  In  addition  to  the  micro- 
hardness  work,  some  traditional  mechanical  evaluation  of  the  films  is 
reported. 

Surface  preparation  techniques  for  polycrystalline  strontium  fluoride 
are  explored,  and  a recommended  procedure  for  the  simultaneous  production 
of  a scratch-free  and  optically-figured  surface  is  presented. 

The  techniques  developed  here  were  used  for  the  production  of  six 
two-inch  diameter  cast  polycrystalline  strontium  fluoride  windows  for 
delivery  to  the  Monitoring  Agency. 

Finally,  a literature  search  for  liquids  which  might  be  useful 
transparent  coolants  for  lasers  operating  in  the  3-5  and  10.6  micrometer 
spectral  ranges  is  presented  as  an  appendix  tc  the  report. 
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2.0  THIN  l-'II  M CHAKACTKRIZATION 


A first-order  characterization  of  most  optical  thin  films  is  not 
ditficult.  Spectrometer  traces  will  determine  the  extent  to  which  the 
film  meets  its  spectral  performance  requirements,  and  cellophane  tape 
and  rubber  eraser  tests  may  be  used  to  gauge  its  physical  durability.  1 As 
more  tiian  cursory  information  is  required  from  the  characterization  tests, 
however,  the  problem  becomes  more  complex  and  the  data  less  rewarding, 
ritimately,  important  film  parameters  must  not  only  be  measured,  but 
related  to  the  details  of  the  deposition  procedures  which  produce  them. 

Optical  coatings  for  high-power  laser  elements  nius*  have  mini- 
mized absorptivity  and  be  free  from  light-scattering  and  damage-inducing 
inclusions.  These  optical  properties,  which  are  beyond  the  analytical 
c a pa  bili  tv  of  most  commercial  optical  coating  suppliers,  must  not  only 
be  produced  in  the  original  coating  but  must  be  retained  after  the  film  is 
exposed  to  its  use  environment.  The  critical  mechanical  properties  for 
optical  films  are  adhesion  and  durability,  those  required  of  all  thin  films, 
but  again  the  relationship  between  physical  and  optica]  degradation  must  be 
determined.  Both  film  characterization  procedures  must  eventually  operate 
at  three  levels.  They  must  quantitatively  identify  important  film  properties, 
relate  them  to  film  behavior  in  use,  and  relate  them  to  the  original  deposition 
conditions. 


During  this  project,  the  first  of  these  levels  has  been  emphasized. 
Films  obtained  from  commercial  vendors  have  been  studied  and  develop- 
ment of  characterization  techniques  has  begun.  These  experiments  are 
intended  to  develop  techniques  which  can  be  used  for  the  eventual  correla- 
tion of  film  properties  with  deposition  parameters.  At  that  stage,  the 
optical  and  mechanical  properties  of  the  films  must  be  correlated  with 
their  chemical  and  mic rostructural  properties,  as  well  as  such  deposition 
parameters  as  evoporant  purity,  deposition  rate,  source  and  substrate 
temperatures,  deposition  pressure  and  residual  atmosphere  composition. 


The  film -substrate  combinations  listed  in  Table  I were  obtained 
from  three  commercial  film  producers:  Broomer  Laboratories,  Plain  View, 
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New  York;  Optical  Coating  Laboratories,  Inc.,  Santa  Rosa,  California; 
and  Spectra  - I’hvsics , Inc.,  Mountain  View,  California.  During  the  evalu- 
ation of  the  films,  discussions  of  the  nonproprietary  aspects  of  the 
deposition  processes  were  requested  from  the  vendors.  Broomer  Labs., 
because  of  personnel  changes  in  their  coating  operation  could  not  contribute 
to  the  discussions.  Since  the  primary  focus  of  this  project  is  intended  to 
be  upon  the  use  of  the  analytical  techniques  and  range  of  properties 
presently  obtained  from  commercial  sources  rather  than  upon  a direct 
competition  among  coaters,  these  companies  will  be  referred  to  as 
V'endors  No.  1,  2 and  3,  respectively , in  the  remainder  of  the  text. 

The  substrates  were  barium  fluoride  single  crystals  obtained  from 
Harrick  Scientific  and  chemical  vapor  deposited  polycrystalline  zinc 
selenide  produced  at  the  Raytheon  Research  Division.  The  substrates 
were  fabricated  into  the  shape  given  in  Fig.  1 and  polished  by  Harrick 
Scientific  Corp.,  Ossining,  N.Y.  This  substrate  shape  was  chosen  to 
permit  both  laser  calorimetry  and  attenuated  total  reflection  spectroscopy 
to  be  performed  on  the  films.  Harrick  was  chosen  for  the  fabrication  on 
the  basis  of  their  development  of  the  ATR  technique.  The  coating  vendors 
were  requested  to  produce  two  specimens  of  each  film-substrate  pair  in 
separate  runs  to  provide  run-to-run  as  well  as  vendor-to-vendor  compari- 
sons. Substrates  were  to  be  half-coated  on  the  larger  face,  as  shown  in 
Fig.  1.  Vendors  were  to  supply  their  own  substrate  cleaning  procedures, 
evaporant  materials,  and  " optimized"  evaporation  procedures.  The 
films  were  to  have  an  optical  thickness  of  one-half  wave  at  5.0  micrometers. 
The  sequence  of  experiments  performed  upon  the  vendor-supplied  specimens 
is  outlined  in  Fig.  2 and  discussed  in  the  following  sections. 

2. 1 Optical  Characterization 

2.1.1  Laser  calorimetry 
2. 1.  1. 1 Theory 

The  absorption  coefficients  of  the  films  were  measured  directly  by 
laser  calorimetry  at  5.25  and  at  10.6  micrometers.  Laser  calorimetric 
techniques  which  measure  the  temperature  rise  in  a bulk  sample  caused 
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!)v  a known  quantity  of  laser  radiation,  have  been  widely  reported.2*3 

We  treat  here  the  elaborations  of  the  technique  which  were  used  to  obtain 
film  values. 


Most  measurements  of  film  absorption  are  made  by  measuring  the 
substrate  materia,  and  then  the  film/substrate  combination;  the  difference 
is  given  as  a percentage  increase  in  the  absorption.  However,  this  inter- 
pretation is  oversimplified  since  the  film  changes  the  sur  face  reflection 
and  thus  the  pownr  incident  on  the  substrate.  What  is  really  needed  is  the 
absolute  value  of  the  absorption  coefficient  of  the  film.  To  obtain  this,  the 
P (absorption  coefficient)  of  the  substrate  must  first  be  known. 

The  power-  absorbed  In*  a substrate  of  thickness  f , and  absorption 
coefficient  /J  when  ftf  is  small  is 

absorbed  inside  (1  " c ) • (1) 

For  ,1  f <<  1,  this  equation  becomes 


F absorbed  ^ j(  ^inside  * (2) 

Figure  3 shows  the  calculation  of  P.^.^  (the  power-  inside  the  sample).  If 
the  transmitted  power  and  the  index  of  refraction  of  the  sample  are  known, 
we  can  determine  the  two  components  of  power,  i.e.,  a wave  traveling 
toward  the  exit  surface  and  a reflected  wave,  whose  sum  is  the  total  power 
in  the  sample.  Substituting  the  result  from  Fig.  3 into  Eiq.  (2)  gives 

P , = fi  t P 

absorbed  tran 

or 

p 

n _ 1 absorbed 

~ ~ V 

transmitted 

Again,  this  equation  for  the  absorption  coefficient,  /?  , assumes  pf  <<  1. 

To  determine  the  usefulness  of  this  assumption,  the  exact  equation  for  the 
absorption  coefficient  was  calculated 


, 1+  R 

(THT)  " p 


n“+  1 
tran  2n  * 


(3) 


( -^  ) . 

1+n2 


(4) 
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= 7 ffl 


(2n)  ((P  /P,  ) + P 

abs  tran 

"n 


< n + 1 ) ‘ 


n2  - 1 


2n  ( 


abs 

5 

tran 


+ 1) 


(5) 


This  equation  is  plotted  in  Fig.  4 together  with  the  approximate  Fq.  (4);  for 
an  index  ol  refraction  ot  1.40  the  two  equations  deviate  about  five  percent 
for  he  = 0.1.  thus,  tor  fit  <■  0.1,  the  approximate  equation  can  be  used 
and  for  fit  greater  than  0.1  the  exact  equation  should  be  used.  Hoth  of 
these  equations  are  independent  ot  the  coherence  of  the  infrared  beam  and 
the  possibility  ot  interference  fringes  because  the  absorption  coefficient  is 
determined  from  the  transmitted  power  and  the  reflectivity  of  the  rear 
surface  of  the  sample.  The  incident  power  can  only  be  used  to  calculate 
the  power  inside  the  sample  if  the  IR  beam  is  incoherent.  If  it  is  coherent, 
resonance  effects  can  change  the  ratio  of  P.  . . to  P.  . , making  it 
difficult  to  do  the  calculation.  Therefore,  our  experimental  apparatus  is 
set  up  to  measure  transmitted  power. 


Once  the  ft  ^ for  the  substrate  is  known,  one  can  calculate  the  (fip) 
absorption  coefficient  of  the  film. 


In  the  following,  we  want  to  derive  the  formulas  necessary  to  evaluate 
the  absorption  of  the  surface  film  from  calorimetric  measurements.  As 
shown  in  conjunction  with  Fig.  3,  the  absorbed  laser’  power  in  a simple 
uncoated  slab  of  material  is  given  in  terms  of  the  absorption  coefficient  (3 
of  the  substrate,  the  thickness  of  the  substrate  L , the  reflection  coefficient 
of  the  surface  R by 


abs 


= ft  L 
s s 


1 + R 

rr-ir 


t r a r s 


(6) 


We  can  conveniently  generalize  this  equation  to  cover  the  absorption 

both  in  the  substrate  and  in  the  film  if  we  orient  the  sample  such  that  the 

film  is  at  the  exit  side  of  the  laser  beam.  The  total  film  acts  like  a Fabry- 

Perot  reflector  of  as  yet  unknown  reflectivity  Rp.  Thus,  Eq.  (7)  gives  the 

absorption  in  the  substrate  if  we  replace  R „ by  the  film  reflectivity  R„ 

s “ F 


Pabs  Substrate)  = 


1+  Rn 

ft  L T PJ—  P, 

s s 1-Rp  trans 


(7) 
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Ue  must  also  calculate  the  power  absorbed  in  the  Him.  Since  the  filn,  is 
relatively  thin  and  comparable  in  thickness  to  a wavelength  we  must  take 
mto  account  the  interference  of  light  waves  traveling  in  the  film  towards 
the  film  /air  interface  and  those  reflected  from  that  interface.  Referring 

to  Fig.  5 we  write  for  the  electric  field  of  a wave  traveling  to  the  right 
towards  the  air/ film  interface  at  x = 0. 


K = A exp  (i  kx) 


(8) 


In  Eq.  (8)  A is  some  amplitude  normalized  such  that  A2  represents  in- 
tensity of  the  light  beam  and  k is  the  propagation  vector  given  by 


npu  2n 

k ~ nFT~0 


(9) 


where  np  is  the  index  of  refraction  of  the  film,  u the  orbital  frequ 


the  light  wave,  C the  velocity  of  light  and  \ the  free 


eney  of 


space  wavelength. 


tain: 


By  adding  the  wave  reflected  at  air/film  interface  at  x = 0 we  ob- 


E = A 


exp(i  kx)+  r A exp  (-  j kx, 


(10) 


where 


■ -(^)  ■' 


(11) 


Note,  the  reflected  wave  experiences  no  phase  change  upon  reflection  since 
the  reflection  occurs  from  a transition  to  a less  dense  medium.  Taking  the 
absolute  magnitude  squared  of  tne  field  gives 


E I “ = A2  (1  + r2)  + 2 r A2 


(12) 


cos  2 kx 

Remembering  the  normalization  of  A the  absorbed  energy  is  simply  given  by: 

o 

Pabs  = 0F  j { A?(1  + r)2+  2rA2cos  2 kx  } dx 

47T  n„ 


r A2  \ 


(13) 


PF  ALp  A2  (1  + r2)  n sin - 


A Bp  . 
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Calculation  of  Power  Inside  Thin  Film 


In  Eu.  (13)  /3V  is  the  absorption  coefficient  of  the  film.  Also  use  has  been 
maae  of  Eq.  ; 9). 


Finally,  we  want  to  relate  A“  to  the  transmitted  power  Ptrans  by 
stating  that  the  power  incident  on  the  film-air  interface  minus  the  power 
reflected  from  that  interface  is  equal  to  the  transmitted  power,  or 

2 

i 

= P. 


A' 


1 


In^TT/ 


trans 


Equation  (14)  can  be  solved  to  give 

,2 


A2  = P 


(nF  + 1) 
trans  4 nT 


(14) 


(15) 


A2  (1  + r2)  = P 


trans 


nF  + 1 
2n ~ 


(16) 


Inserting  Eqs.  (15)  and  (16)  in  Eq.  (13)  gives 


P . (film) 
abs 


nF“  + 1 np“  - 1 
Ptrans  ^FALF^  ~ 5n  + 


4 t r n. 


7~  2"  27rALTr 
4 np  F 


sin 


AU 


(17) 


The  total  absorption  of  film  and  substrate  follows  by  adding  Eqs.  (7)  and  (17) 
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FA 
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In  Eq.  (18)  we  also  defined  an  effective  absorption  coefficient  /3  for  the  film 
and  substrate  in  analogy  with  Eq.  (7).  By  noting  that 

2 

rfa=  <19> 


nF~  1 \ 

/ 


the  last  part  of  Eq.  (18)  may  be  written 
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(20) 
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nF  + 1 
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Solving  Eq.  (18)  for  (5,.  in  terms  of  p,  end  P„  gives  with  the  help  of  Eq.  (19) 
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(21) 


Equation  (21)  is  the  basis  for  determining  H,.  from  measurements, 
in  essence  Pg  is  determined  by  measuring  the  absorbed  power  in  the  uncoated 

substrate  and  using  Fq.  (6)  with 


R. 


/ 


n - 1 

s 

s 


(22) 


Furthermore,  \ is  determined  from  Eq.  (12)  with  measurements  earned 
out  on  the  coated  sample.  The  quantity  R,7  is  being  measured  by  monitoring 
the  transmission  of  light  through  the  sample.  The  necessary  equations  or 
this  measurement  are  derived  in  the  following.  In  Fig.  a we  show  light  o 
intensity  P falling  on  the  uncoated  side  of  the  substrate.  The  light  trans- 
mitted into°the  substrate  is  <1-RS»P0.  Upon  the  first  reflection  from  the 
film,  the  amount  of  light  transmitted  is  given  by  <l-Fts>(l-Rr>P0-  e ca" 
add  up  all  transmitted  light  waves  after  bouncing  hack  and  forth  in  the  su  - 
strate  neglecting  the  phase  factors  (because  of  the  large  thickness  to  give 


trans 

T" 
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By  defining  a transmittivity  T through 


trans  „ 

— P " 1 » 

o 

we  obtain  from  Eqs.  (14)  and  (15) 
1-R  ,-T 

RF  = l-K^-TFT  * 

s s 


(24) 


(25) 


Experimentally  we  measure  T using  an  infrared  spectrometer  and 
calculate  R^.  from  Eq.  (22)  to  obtain  Rp.  Thus,  all  factors  are  in  hand  to 
determine  /i...  in  Eq.  (21). 


2. 1.1.2  Experimental  apparatus  and  procedure 

The  calorimetry  was  performed  in  the  calorimeters  shown  in  Figs. 

6 and  7.  The  carbon  monoxide  calorimeter  chamber  is  rectangular  with  a 
one-inch  thick  plexiglas  cover.  The  outside  dimensions  of  the  chamber, 
which  is  made  of  1/2  in.  thick  aluminum,  are  approximately  13  X 14  X 25  in. 
An  optical  rail  is  mounted  within  the  chamber  and  the  various  components, 
such  as  irises,  sample  mounts,  and  the  power  cone  are  mounted  on  optical 
carriers  with  adjustable  x-y  motions,  permitting  ready  removal  or  align- 
ment of  any  component.  The  chamber  vacuum  is  evacuated  by  three  50  cfm 
pumps.  A He-Ne  alignment  laser  has  been  permanently  incorporated  into 
the  system;  a flip  mirror  allows  the  beam  to  be  directed  along  the  same 
axis  as  the  measurement  lasers.  Preliminary  sample  alignment  is  per- 
formed using  the  visible  laser,  and  the  final  alignment  may  be  checked 
using  burn  spots  made  by  the  infrared  lasers.  The  sealed  CO  laser  uses 
a dry-ice  and  methanol  cooling  system  and  is  capable  of  producing  20W  of 
multimode  power.  The  center  of  gravity  of  the  intensities  of  the  various 
spectral  lines  of  the  laser  has  been  determined  to  be  5.25  micrometers. 

A grating  monochromator  is  incorporated  in  the  system  to  permit  freque.  t 
wavelength  checks.  Reflections  from  the  faces  of  the  sample  are  directed  onto  a 
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polisned  iris  which  is  angled  at  45°  to  the  main  beam  and  reflected  onto 
the  blackened  chamber  walls.  The  sample  itself  is  mounted  by  three  or 
tour  nylon  screws  within  a 3-inch-dianieter  piece  of  aluminum  tubing,  the 
entJb  ot  which  are  closed  off  by  irises.  This  prevents  stray  radiation  which 
is  not  on  the  beam  axis  from  reaching  the  sample  thermocouple;  the  latter 
i's  *urt*u'r  covered  bv  a small  piece  of  aluminum  foil  to  reduce  any  direct 
absorption  of  stray  radiation.  The  thermocouple  is  clamped  inside  the 
aluminum  block,  assuring  good  thermal  contact  and  minimizing  the  turn 
on/turn  ott  transients  which  can  make  the  power  cone  temperature  versus 
time  curves  hard  to  interpret.  The  cone  was  checked  against  the  readings 
given  by  a C'RL  power  meter  at  the  same  location  within  the  chamber  and 
the  two  techniques  were  found  to  agree  to  better  than  5 percent. 


The  10.6  micrometer  laser  calorimeter  is  shown  in  Fig.  7.  This 
chamber  is  a pyrex  cross  with  a 6 inch  i.d.  vertical  arms  and  4 inch  i.d. 
horizontal  arms.  Evacuation  of  the  chamber  is  accomplished  through  an 
opening  in  the  base  plate  with  a standard  diffusion  pump  vacuum  system. 
The  side  arms  are  fitted  with  KC1  windows  to  allow  entrance  and  exit  of 
the  laser  beam.  1 he  sample  is  mounted  in  a ring  attached  to  a rod  which 
passes  through  a seal  in  the  top  plate.  This  rod  may  be  moved  vertically, 
and  the  entire  chamber  horizontally,  to  permit  probing  of  different  parts 
of  the  sample.  The  sample  is  mounted  in  the  ring  with  four  nylon  screws, 
one  ot  which  also  serves  to  press  a thermocouple  junction  against  the 
sample.  The  reference  junction  for  the  thermocouple  is  attached  to  a 
polished  aluminum  block  also  in  the  chamber  but  away  from  the  laser 

beam,  and  the  thermocouple  leads  pass  through  sealed  holes  in  the  top 
plate. 


A Coherent  Radiation  Model  42  laser,  capable  of  50W  at  10.6  pm, 
is  used  as  power  source,  and  a Coherent  Radiation  Model  201  Power  Meter 
measures  the  power  coming  out  of  the  exit  window. 


The  outputs  of  the  sample  thermocouples  of  both  calorimeters  are 
amplified  by  Keithley  Model  148  nano  voltmeters  and  displayed,  along  with 
the  output  of  the  power  meters,  on  strip  chart  recorders.  The  absorption 
coefficient  may  be  calculated  either  from  the  actual  temperature  rise  of 
the  sample  or  from  the  slope  of  the  temperature  rise,  both  appropriately 
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corrected  for  heat  loss.  To  facilitate  the  calculations,  a computer  program 
has  been  written  which  requests  the  pertinent  data,  provides  the  refractive 
index  and  specific  heat  for  commonly  measured  materials  and  performs  the 
calculations.  The  computer  program  does  not  assume  that  the  fraction  of 
power  absorbed  is  small,  and  the  output  gives  the  fraction  absorbed  and  the 
absorption  coefficient  (unconnected  for  any  surface  absorption).  This 
program  produces  values  for  ft  and  ft  . A second  program,  which 
calculates  (L  using  Kq.  (21),  was  written  for  this  project. 


The  substrate  thicknesses  were  measured  with  a micrometer.  Film 
thicknesses  were  determined  by  direct  measurement  with  a surface  profilo- 
meter.  Transmissivities  at  the  laser  wavelengths  were  measured  by  a 
Ferkin-Klmer  Model  457  spectrophotometer. 


Immediately  prior  to  its  absorption  measurement,  each  specimen 
was  boiled  in  Freon-113  to  remove  hydrocarbon  contamination.  The 
Freon  boils  at  approximately  47° C anu  will  not  affect  the  adhesion  of  a 
usable  optical  film. 

The  specimen  was  mounted  in  the  calorimeter  with  the  thermocouple 
fixed  to  the  midpoint  of  one  long  side  and  calorimetric  measurements  were 
made  on  the  long  half  opposite  the  thermocouple.  For  example,  if  the 
thermocouple  were  attached  to  the  coated  half,  the  uncoated  portion  of  the 
specimen  would  be  measured.  The  specimen  was  then  rotated  by  180°  and 
the  measurements  were  repeated  on  the  opposite  side.  This  procedure 
was  adopted  to  preserve  the  symmetry  of  the  heat  flow. 

Although  no  specific  effort  to  randomize  the  order  in  which  the 
specimens  were  measured  was  made,  there  was  no  significant  pattern 
in  the  order  in  which  the  results  were  reported  and  calculated.  For  a 
significant  portion  of  the  time,  specimens  from  more  than  one  supplier 
were  being  evaluated.  We  believe,  therefore,  that  the  results  obtained 
represent  the  absorptive  behavior  of  tne  films,  limited,  as  detailed  below, 
by  the  variability  of  the  substrate  absorptivity. 


Dektak,  trademark  of  Sloan  Industries. 
Trademark,  Dupont  Co. 
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The  results  of  the  calorimetric  absorption  measurements  are  sum- 
marized in  Tables  II-IV.  With  the  exception  of  the  films  obtained  from 
Vendor  2,  the  assignment  of  a films  to  deposition  number  one  or  two  was 
done  arbitrarily.  Vendor  2 films  are  discussed  separately  below.  For 
the  most  part,  two  measurements  were  made  on  the  coated  and  two  or 
the  uncoated  half  of  each  substrate.  Those  cases  where  a larger  number 
of  measurements  was  used  are  noted  in  the  tables.  Absorptivities 
are  reported  as  calculated  from  averages  of  the  measurement  pairs 
followed  by  a range  which  is  in  fact  the  range  of  values  obtained  from 
the  individual  measurements  for  those  cases  where  only  two  pairs  were 
taken  and  a standard  deviation  for  larger  numbers  of  measurement  pairs. 
Occasionally  an  absorptivity  is  reported  as  being  less  than  a certain 
quantity  which  is  pronounced  to  be  the  minimum  detectable  limit.  This 
limit  was  calculated  for  each  film-substrate  pair  for  which  near-zero 
or  negative  absorptivities  occurred  by  considering  the  variability  of  the 
substrate  absorptivity.  Equation  (22)  may  be  rewritten  in  the  form 


0, 


126) 


The  value  of  K is  determined  by  the  index  and  thickness  of  the  films.  It 
varied  from  approximately  0.75  to  1.3  for  the  films  measured  during  this 
program.  To  calculate  a minimum  detectable  absorptivity,  we  assume  that 
the  film  contribution  to  the  total  absorption  is  b must  be  large  enough  to 
make  the  difference  in  the  brackets  above  at  least  as  large  as  two  standard 
deviations  of  the  variability  of  the  uncoated  measurements.  The  majority 
of  the  determinations  of  the  uncoated  side  involved  only  two  measurements 
in  which  case  one  half  the  total  range  was  used  to  represent  a "standard" 
deviation.  This  is  actually  statistically  an  underestimate  of  the  true  varia- 
bility and  probably  a slight  overestimate  of  the  minimum  detectable  value. 
The  values  do,  however,  reflect  reasonable,  consistent  estimates  of  the 
minimum  detectable  limits  for  these  specimens.  We  consider  minimum 
detectable  limits  for  the  procedure  at  the  end  of  this  section. 


Examination  of  the  tabulated  data  permits  several  generalizations 
to  be  drawn.  First,  with  the  exception  of  thorium  fluoride  films,  all 
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TABLE  II 

ABSORPTION  COEFFICIENT  MEASUREMENTS:  As  S FILMS 


Wavelength 

Absorption  Coefficient  (cm"') 

Substrate 

(Micrometers) 

Deposition  1 

Deposition  2 

Supplier 

BaF,, 

5.  25 

0.48  ± 

.008 

NM 

1 

0.32  ± 

0.01 

2.05  ± 

0. 16 

2 

5.00  ± 

0.02 

1.40  ± 

0.20 

3 

ZnSe 

5.25 

0.47  ± 

0.  24 

2.38  ± 

0.06 

1 

0.27  ± 

0.05 

1.  23  ± 

0.20 

2 

1.30  ± 

1.  1 

1.  05  ± 

0.1 

3 

Z nS  e 

10.6 

2.50  ± 

0.30 

5.  50  ± 

1.10 

1 

3.84  ± 

0.81 

8.46  ± 

1.04 

2 

< 2. 

35" 

5.  91  ± 

1.2 

3 

BULK  ABSORPTION  COEFFICIENT:  As ,,S 

Wavelength  (micrometers)  Absorption  Coefficient  (cm  *) 

5.25  5 y 10"3 

10.6  0.01  - 1.0 


Minimum  detectable  limit 

•J,  vt. 

Three  pairs  of  measurements,  range  is  standard  deviation. 
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TABLE  IV 


ABSORPTION  COEFFICIENT  MEASUREMENTS:  ZnS  AND  ZnSe  FILMS 


Film  Substrate 


ZnSe 


HaF.j 


Wavelength 

(micrometers) 

5.  25 


Absorption  Coefficient  (cm "*) 


Deposition  1 

2„02  ± 0.  72 
3.62  ± 0.34 
1.32  ± 0.  23 


Deposition  2 

1.00  ± 0.83 
< 0.  5 V 
1. 45  ± 0.37 


Supplier 

1 

2 

3 


BULK  ABSORPTION  COEFFICIENT:  ZnSe 


At  5.25  micrometers,  3 x 10 
(measured  in  CVD  material) 


-4 


1 x 10 


-3 


ZnS 


ZnSe 


5.25  <1.96' 

1.32  ± 0.69 
1. 29  ± 0 . 0 4 : 
10.6  20.05  ± 2.54 

4.  16  ± 1. 53 
1.00  ± 0.85 


10.7  ±2.3 

* 

< 0.  1 

1. 33  ± 0.36 
15.  18  ± 

< 1. 

< 1.  39 


1.11 

5 


1 

2 

3 

1 

2 

3 


BULK  ABSORPTION  COEFFICIENT:  ZnS 


At  5-25  micrometers  « 0.  1 
At  10.6  micrometers  ^-0.15 


Minimum  detectable  limit 
Three  measurement  pairs 


36 


^^.j^W[S^gw««ffaBWwi»W»|iaww<»^rtM?^<»aaui^  'o**”1  n**—**— 

kt 


the  measurable  film  absorptivities  all  exceed  the  corresponding  measured 
or  estimated  bulk  values  significantly.  Judging  from  the  great  variability 
of  the  thorium  fluoride  measurements  and  the  extent  to  which  the  less 
variable  chalcogenide  films  exceed  their  bulk  values,  this  estimate  may 
need  to  be  revised  downward  in  the  future  as  well. 

Second,  for  As„S  and  ThF.  films,  which  were  deposited  onto  both 
substrate  materials,  the  range  and  level  of  absorptivity  is  not  influenced 
by  the  choice  of  substrate.  Other  factors  are  determining  the  absorption. 

Third,  there  is  a significant  variability  in  the  level  of  absorptivity 
obtained  by  the  three  vendors.  The  largest  variation  occurs  for  the 
thorium  fluoride  films.  We  show  in  the  next  section  the  probable  cause 
for  this  variability. 

There  is  also  significant  run- to-run  variability  of  film  absorptivity. 
Examples  may  be  found  in  the  results  obtained  for  all  three  vendors.  Of 
these,  the  films  deposited  by  Vendor  2 are  the  most  interesting  because 
their  procedure  of  depositing  onto  both  substrate  types  simultaneously 
when  ThF4  and  As2S3  films  were  being  deposited  made  one  additional 
comparison  possible.  Further,  their  record  keeping  permitted  the  sequence 
of  the  depositions  to  be  correlated  with  the  absorptivity  measurements.  The 
absorptivity  measurements  made  on  Vendor  2 films  are  grouped  according 
to  their  deposition  run  numbers  in  Table  V.  The  depositions  were  made 
in  the  order  given  by  the  last  digits  of  the  run  numbers.  Note  that  the 
depositions  were  carried  out  in  the  chamber  j,n  an  order  which  placed 
the  most  contaminating  AsgS^  depositions  last  in  line. 

Vendor  2 reports  that  the  repeated  depositions  were  carried  out 
under  as  nearly  identical  conditions  of  evaporation  rate,  substrate 
temperature,  evaporant  preheat  time  and  temperature,  and  chamber 
base  pressure  as  possible.  Fresh  charges  of  evaporant,  taken  from  the 
same  lot  and  batch,  were  used  for  both  members  of  each  deposition  pair. 
The  only  detectable  variation  in  deposition  behavior  occurred  during  the 
A s 2S 3 deposition,  during  the  second  of  which  the  optical  thickness 
monitor  indicated  a lower  reflectivity  than  it  had  during  the  first  deposi- 
tion. 
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TABLE  V 


CALORIMETRY  OF  INI" BAR  IT)  OPTICAL  FILMS:  VENDOR  NO.  2 


Deposition 
Run  No. 

Film 

Substrate 

Wavelength 

(micrometers) 

Film  [i 
(cm- 1) 

543-002 

ZnS 

ZnSe 

5.25 

1.3 

10.6 

4.  1 

543-003 

ZnS 

ZnSe 

5.  25 

■a. 

< o.  i.„ 

10.6 

< 1.  5' 

543-005 

ZnSe 

BaF,; 

5.  25 

3.6 

543-006 

ZnSc* 

BaF^ 

5.25 

<0.5 

543-008 

ThF 

BaF.; 

5.  25 

3.  18 

ZnSir 

5.  25 

0.36 

10.6 

21.  3 

543-009 

ThF 

BaF2 

5.  25 

1.65* 

ZnSe 

5.  25 

< 1.35' 

10.6 

16.2 

543-012 

A's2^3 

BaF  2 

5.  25 

0.32 

ZnSe 

5.  25 

0.27 

10.6 

3.8 

543-013 

A s S 

Ba  F.? 

5.25 

2.0 

— • J 

ZnSe 

5.25 

1.  2 

10.6 

8.  4 

Estirn  nted 

minimum 

detectable  limit 

for  the  film-substrate  pair. 
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The  data  in  Table  V demonstrate  sizable  variations  in  film  absorp- 
tivity  may  occur  among  consecutive  deposition  runs  even  when  all  the 
deposition  parameters  normally  associated  with  good  thin  film  deposition 
practice  are  monitored  and  held  constant.  Bear  in  mind  that  the  absorption 
data  were  collected  in  two  calorimeters,  one  for  each  wavelength.  Two 
of  the  deposition  pairs,  008-009  ard  012-013  contained  both  substrate 
types . In  no  case  is  the  ranking  of  the  absorptivity  level  reversed  for 
a film  or  substrate  pair. 

While  any  attempts  to  explain  the  variations  are  pure  speculation, 
it  is  interesting  to  note  that  in  each  of  the  first  three  deposition  pairs,  the 
second  deposition  had  the  lower  absorptivity.  Such  behavior  may  be 
plausably  explained  by  assuming  that  the  material  from  the  first  deposi- 
tion acted  as  a getter  for  some  absorbing  species  in  the  residual  gas  and 
that  the  gettering  action  was  sufficiently  strong  that  opening  the  chamber 
to  change  substrates  and  replenish  the  evaporant  charge  did  not  destroy  it. 
Certainly  two  conclusions  follow  logically  from  these  observations.  First, 
a careful  correlation  of  the  level  and  composition  of  the  residual  atmosphere 
in  the  deposition  chamber,  the  deposition  rate,  and  the  absorptivities  of 
optical  films  should  be  carried  out.  Second,  on  a more  immediately 
practical  level,  it  would  be  well  to  make  use  of  whatever  gettering  action 
is  produced  by  the  film  material  by  beginning  each  the  deposition  onto  as 
large  an  area  of  the  chamber  itself  as  is  practical  and  exposing  the 
substrates  to  the  evaporant  after  a "gettering  period."  This  approach 
might  require  alterations  in  the  shuttering  technique  for  large  area 
depositions. 
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The  single  instance  in  which  the  higher  absorptivity  occurred  in  the 
second  of  the  deposition  pairs  was  deposition  013,  the  As^  film  which  was 
reported  to  have  a lower  reflectivity  than  its  predecessor.  Nomarski 
interference  photomicrographs  of  the  two  As^  films  on  BaF2  substrates 
are  shown  in  Fig.  8.  The  larger  defect  density  on  the  film  which  had  the 
higher  absorptivity  is  apparent.  While  we  have  not  identified  the  defects, 
it  is  reasonable  to  suspect  that  they  contribute  to  the  film  absorptivity. 

Only  the  As2S3  films  contained  features  which  could  be  distinguished 
from  their  substrate  in  the  optical  microscope.  Certainly  these  features 
would  scatter  the  light  of  the  optical  thickness  monitor  and  cause  the 
reflectivity  reduction  which  was  observed. 
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In  summary,  the  film  calorimetry  experiments  have  shown  that 
the  film  absorptivities  arc  for  the  most  part  substantially  higher  than 
the  corresponding  bulk  values.  It  appears  most  likely  that  the  differences 
are  produced  more  by  some  portion  of  the  deposition  oroeess  rather  than 
bv  any  fundamental  limitations  of  thin  films.  Large  variations  in  the  film 
absorptivities  occur  both  among  suppliers  and  from  deposition-to-deposition 
for  single  suppliers. 

We  note  that  with  the  exception  of  some  of  the  zinc  sulfide  films, 
the  minimum  detectable  limit  for  the  filrn-substrate  pairs  measured 
during  this  project  was  set  by  the  variability  of  the  substrate  absorptivity. 
This  effect  was  more  pronounced  for  the  CVD  zinc  selenide  substrates 
than  for  the  barium  fluoride.  The  selenide  material  was  apparently  taken 
from  several  of  the  earlier  CVD  production  runs  and  as  a result,  some  of 
the  finished  substrates  contained  inclusions  which  were  visible  to  the  un- 
aided eye.  The  densities  of  these  inclusions  were  ranked  subjectively  as 
"none",  "few",  "moderate",  and  " many"  and  a rough,  though  by  no 
means  complete,  correlation  between  density  and  level  and  variability  of 
substrate  was  noted.  The  effect  of  this  variability  was  to  raise  the  mini- 
mum detectable  levels  to  higher  absorptivities  for  films  deposited  on 
typical  zinc  selenide  than  for  those  on  barium  fluoride.  Higher  quality 
CVD  zinc  selenide  material  is  now  available  and  should  be  used  for  future 
experimentation.  Further,  the  surface  finishes  of  both  the  substrate 
materials  could  be  substantially  improved  by  application  of  the  techniques 
discussed  in  Paragraph  .1.1  of  this  report.  Future  work  should  be  per- 
formed on  the  best  obtainable  surfaces  as  well  as  the  best  obtainable  ma- 
terial. The  effectiveness  and  uniformity  of  surface  cleaning  procedures 
should  be  optimized  by  laser  calorimetry  before  they  are  applied  to  the 
substrates.  We  estimate  that  these  precautions  should  lower  the  minimum 
detectable  absorptivities  for  1-2  micrometer  thick  optical  films  to  the  order 
of  one  tenth  of  a reciprocal  centimeter. 

Finally,  the  absorptivities  of  the  arsenic  trisulfide  films  at  10.6 
micrometers  compare  well  with  the  value  of  5.5  cm”*  determined  by  Gibbs 
and  Butterfield^  on  one  of  their  own  films.  They  also  report  an  absorptivity 
of  33.2  cm  * for  zinc  selenide  films  at  the  same  wavelength.  Since  our 
zinc  selenide  films  were  deposited  only  onto  barium  fluoride  substrates 


41 


which  are  essentially  opaque  at  10.6  micrometers,  we  cannot  compare 
our  results  directly.  Their  absorptivity  is,  as  they  report,  very  sub- 
stantially larger  than  the  selenide  bulk  values.  We  find  the  10.6  micro- 
meter absorptivity  of  the  similar  chalcogenide  zinc  sulfide  to  be  extremely 
variable  (Table  IV)  and  probably  strongly  influenced  by  subtle  changes  in 
the  deposition  process.  Zinc  selenide  films  should  behave  similarly. 

2.1.2  Attenuated  total  reflection  spectroscopy 

The  sensitivity  of  any  absorption  spectroscopic  technique  may  be 

increased  by  increasing  the  pathlength  of  the  light  through  the  absorbing 

medium.  Attenuated  total  reflection  (ATR)  spectroscopy  makes  use  of 

this  approach  by  permitting  the  evanescent  wave  (that  portion  of  the 

radiation  which  extends  beyond  the  physical  surface  during  total  internal 

reflection)  to  interact  with  the  absorbing  medium  as  the  primary  beam  is 

r-  peatedly  reflected  down  a nominally  lossless  medium.  The  method 

has  been  extensively  developed  by  N.,J.  Harrick,  whose  book  1 on  the 

subject  discusses  theoretical  and  experimental  aspects  of  a variety  of 

2 3 

applications.  During  earlier  phases  of  this  project,  ’ internal  reflec- 
tion spectroscopy  was  used  extensively  to  study  surface  contamination 
and  cleaning  of  alkali  halide  and  alkaline  earth  fluoride  materials. 

The  spectroscopy  performed  during  the  past  year  has  emphasized 
the  study  of  the  optical  films,  although  some  surface  cleaning  experiments 
are  reported  in  Sec.  3. 

An  internal  reflection  plate  is  shown  in  cross  section  in  Fig.  9. 
The  number  of  reflections  the  probe  beam  makes  during  its  passage  can 
be  calculated,  as  can  the  penetration  of  the  beam  into  a surface  layer 
of  known  index  of  refraction  and  thickness.  An  attachment  which  permits 
an  internal  reflo  ction  specimen  to  be  examined  in  a standard  infrared 
spectrometer  is  shown  schematically  in  Fig.  10.  For  the  purposes  of 
this  project,  the  attachment  was  modified  to  permit  light  to  pass  only 
along  the  lower  half  of  the  specimen  as  viewed  in  the  upper  portion  of 
Fig.  10.  The  films  deposited  by  the  vendors  covered  only  one  half  the 
surface  of  the  substrates,  as  shown  in  Fig.  1,  so  spectra  of  film  and 
substrate  could  be  obtained  separately.  The  logical  extension  to  double 
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Fig.  10  Schematic  Diagram  of  Harrick  Scientific  Horizontal 
Single  Pass  IRS  Attachment. 
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beam  techniques,  sending  the  probe  beam  down  the  coated  half  and  a 
icier  en<  e beam  along  the  uncoated  half  of  (he  specimen  was  considered, 
but  thought  to  be  sufficiently  difficult  to  be  beyond  the  scope  of  this 
project. 

2.  1.2.  1 Experimental  procedures 

The  modified  ATR  attachment  was  used  in  a Perkin-Klmer  Model 
}‘>7  spectrometer  to  obtain  spectra  of  the  as-received  films  and  their 
substrates.  I he  spectrometer  is  a double  be  m instrument,  so  a variable 
aperture  was  placed  over  the  reference  beam  to  adjust  the  position  of  the 
spectrum  on  the  chart  paper.  For  these  measurements,  the  signal  from 
the  spec  imen  was  first  maximized  by  adjusting  the  specimen  and  mirror 
positions  with  the  variable  aperture  removed.  The  aperture  was  inserted 
and  adjusted  to  produce  a "transmission"  of  80  percent  at  2.5  micro- 
meters. The  sample  chamber  was  closed,  sealed  and  flushed  with  drv 
nitrogen.  Since  the  path  lengths  in  air  of  the  two  beams  differ,  atmos- 
ph eric  carbon  dioxide  and  water  vapor  present  in  the  sample  chamber 
produce  apparent  absorptions.  Spectra  of  the  coated  and  uncoated  halves 
of  each  substrate  were  obtained. 

2.  1.2.2  ATR  spectroscopy;  results 

ATR  spectra  of  thorium  fluoride  films  deposited  onto  zinc  selenide 
and  barium  fluoride  substrates  appear  as  Figs.  11  and  12.  In  these  and 
the  succeeding  A I R ligures,  the  spectra  are  arranged  in  order  of  vendor 
with  Vendor  1 at  the  tor.  The  absorptivities  determined  by  laser  calori- 
metry are  printed  at  ‘he  proper  wavelength  below  the  spectra.  The  ThF^ 
film.-  exhibited  th»*  largest  vendor-to-vendor  variability  of  absorptivity 
during  the  laser  calorimetry  measurements  and  this  variability  is  carried 
over  to  the-  ATR  spectra.  The  strong  absorptions  at  2400  cm'1  and  1620 
cm  in  spectrum  of  th*-  film  from  Vendor  \o.  1 are  most  likely  caused 
by  some  interaction  of  the  film  material  with  water  vapor.  The  similarity 
between  this  spect-um  and  the  published  spectrum  of  ThFq  • 4 I190  6 
(I  ig-  13)  is  striking.  Thorium  fluoride  depositions  carried  out  at  the 
Research  Division  determined  that  the  major  differences  in  the  spectra 
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ATR  Spectra  of  Thorium  Fluoride  Films  on  Zinc 
belemde  Substrates. 


Fig.  11 
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Fig.  12  ATR  Spectra  of  Thorium  Fluoride  Films  on  Rarium 
Fluoride. 
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from  the  three  vendors  were  produced  by  substrate  temperature  variations 
during  deposition.  Room  temperature  substrates  produce  films  having 
the  absorptive,  hydrated  spectrum;  substrate  temperatures  on  the  order 


of  1506C  will  produce  films  with  little  or  only  very  weak  absorptions  at 
3400  and  1620  cm  Recent  results  obtained  at  the  Honeywell  Research 


C enter  demonstrate  that  the  deposition  rate  variations  may  also  be  used 

7 


to  produce  variations  in  thorium  fluoride  film  absorptivities. ' In  a 
second  experiment,  one  of  the  thorium  fluoride  films  supplied  by  Vendor 
3 was  held  for  two  hours  at  120°F  in  95  percent  humidity.  This  treatment 
essentially  destroyed  the  adhesion  of  the  thorium  fluoride  film  but  did  not 
produce  the  water-associated  absorptions  m its  ATR  spectrum.  The  ATR 
spectra  and  calorimetry  of  thorium  fluoride  films,  taken  together  with  the 
parallel  deposition  experiments  and  environmental  testing,  strongly  suggest 
that  water  vapor  which  is  present  in  the  residual  atmosphere  of  the  deposition 
chamber  plays  a major  role  in  the  determination  of  the  absorptivity  of  the 
film.  Whether  residual  water  vapor  helps  to  determine  the  absorptivities 
of  the  other  film  materials  should  be  determined  by  experiment. 


The  spectra  of  the  thorium  fluoride  films  deposited  onto  barium 
fluoride  substrates  all  appear  to  have  stronger  water-related  absorptions. 
The  " stronger"  absorptions  actually  are  produced  by  the  close  index  of 
refraction  match  between  the  film  and  its  substrate.  More  of  the  probe 
radiation  is  coupled  into  the  thorium  fluoride  on  the  barium  fluoride 
substrate  than  the  film  on  the  higher  index  zinc  selenide  substrate.  Of 


the  three  films  on  barium  fluoride,  the  one  produced  by  Vendor  No.  3 had 

-1 


the  least  absorption  at  3400-3500  cm  ; these  films  also  had  the  lowest 
absorptivities  at  10.6  micrometers,  measured  calorim otrically.  Such 
apparent  correlations  deserve  further  study. 


The  absorptions  at  2915  cm"1  and  at  2845  cm-1  are  caused  by 


hydrocarbon  contamination  of  the  specimen  surfaces.  Since  all  the  ATR 
spectra  were  determined  on  the  as -received  specimens,  the  intensities 
of  the  absorptions  may  be  related  to  some  accumulation  of  the  cleaning, 
handling,  and  shipping  procedures  of  the  vendors.  Since  Vendor  No.  1 
and  3 reshipped  the  coated  specimens  in  what  appeared  to  be  their  original 
containers,  the  variability  of  the  absorption  levels  probably  reflects  dif- 
ferences in  handling  procedures. 
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I his  hydrocarbon  contamination  is  a significant  feature  of  the 
surfaces  for  several  reasons.  First,  a review  of  hydrocarbon  absorp- 
tion spectra  reveals  that  their  absorptivity  at  3.8  pm,  (the  OF  laser  wave- 
length) is  typically  five  percent  of  the  maximum  absorptivity  at  2915  cm"'. 
Hydrocarbon  contamination  may  contribute  to  the  surface  absorptivity  of 
chemical  laser  optics.  Second,  if  it  is  not  removed  prior  to  deposition  of 
the  anti  reflection  coating,  the  trapped  contamination  layer  may  contribute 
to  the  degradation  of  the  AR  coating  during  high-power  laser  illumination. 
The  implications  of  the  contamination  layer  for  the  adherence  and  dura- 
bility of  the  <■ matings  are  obvious.  While  boiling  Freon- ll.V'  will  es- 
sentially remove  these  hydrocarbon  absorptions  from  ATH  spectra,  in- 
dicating that  they  exist  largely  on  the  exposed  surfaces  of  the  specimens, 
lesser  quantities  trapped  at  the  film-substrate  interface  cannot  be  precluded. 

Finally,  the  absorption  at  1500  cm-1  is  characteristic  of  the  barium 
fluoride  surface,  probably  a hydration  product.  The  absorption  may  be 
seen  in  both  the  " substrate"  and  " film"  spectra.  Note  that  no  informa- 
tion about  the  film-substrate  interface  may  be  drawn  from  this  observation 
because  half  the  reflections  of  the  probe  beam  as  it  traverses  the  " film" 
side  of  the  specimen  take  place  at  the  uncoated  back  face. 


The  spectra  of  zinc  sulfide  films  on  zinc  selenide  are  presented  in 
Fig.  14.  In  this  case,  we  believe  the  extra  strong  absorptions  in  the  upper 
spectrum  are  caused  by  impurities  in  the  evaporant.  The  association 
with  the  higher  absorptivities  at  the  laser  wavelengths  is  apparent. 

Spectra  of  zinc  selenide  films  on  barium  fluoride  appear  in  Fig.  15. 
In  this  case,  the  only  hydrocarbon  and  substrate  absorptions  occur.  Ab- 
sorptivities determined  at  the  laser  wavelengths  are  low  for  all  the  films. 


ATR  spectra  of  the  arsenic  trisulfide  films  appear  in  Figs.  16  and 
17.  There  is  no  obvious  correlation  between  the  laser  calorimetry  results 
and  the  spectra.  The  variability  of  the  absorptivities  measured  at  5.25  pm 
(where  the  spectra  have  no  distinguishing  features)  is  larger  than  that  at 
10.  6 pm,  close  to  obvious  variations  in  the  cut-off  behavior.  The  broad 
absorption  which  peaks  at  1200  cm"1  in  the  specimen  from  Vendox 
No.  3 (possibly  due  to  oxygen  impurities)  does  not  seem  to  have  a large 
influence  on  the  10.6  pm  absorptivity. 
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ATR  Spectra  of  Arsenic  Trisulfide  Films  on 
Barium  Fluoride. 


ATR  Spectra  of  Ar 
Fluoride. 
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Summarizing,  the  ATR  spectra  of  the  vendor-supplied  optical 
thin  films  have  been  used  to  determine  their  major  absorptions  at  wave- 
lengths between  2.5  (am  and  the  substrate  cut-off.  In  all  cases,  hydro- 
carbon contamination  could  be  detected  on  the  as-received  specimens. 

\ 

Absorptions  occurring  away  from  the  laser  wavelengths  were  cor- 
related with  higher  absorptivity  at  the  laser  wavelengths  for  zinc  sulfide 
and  thorium  fluoride  but  not  for  arsenic  trisulfide  films.  The  spectra 
and  absorptivity  of  thorium  fluoride  films  were  correlated  with  their 
deposition  coefficients  in  preliminary  experiments.  No  quantitative 
absorption  coefficient  information  appeared  extractable  from  these 
spectra.  For  the  most  part,  the  spectra  were  featureless  at  the  important 
laser  wavelengths,  and  the  "base  line"  levels  of  the  spectra  were  deter- 
mined by  such  other  factors  as  index  mismatches,  film  thickness,  and 
sample  alignments  in  the  spectrometer. 

2 . 1.2  Integrated  optics  experiments 

f 

Under  the  proper  conditions,  thin  transparent  films  may  be  made 
to  act  as  waveguides  for  light  propagating  parallel  to  their  substrates. 

This  effect  is  presently  put  to  use  in  the  rapidly  expanding  integrated 
optics  technology  where  light  propagating  in  thin  film  waveguides  can  be 
manipulated  by  a variety  of  devices.  Since  the  integrated  optics  tech- 
nology is  directed  towards  various  communications  and  optical  signal 
processing  applications,  the  determination  of  the  attenuation  of  the  light 
beam  propagating  in  the  waveguide  is  of  considerably  practical  importance. 

Integrated  optics  techniques  have  been  used  to  measure  losses 

3 9 

in  thin  films.  ’ These  procedures  are  generally  performed  at  single 
laser  wavelengths  and  are  used  to  measure  not  only  the  losses  due  to 
absorption  but  those  due  to  scatter  centers  and  other  film  inhomogeneities. 

During  this  project,  exploratory  efforts  were  made  to  extend  these 
techniques  to  the  measurement  of  absorptive  and  scattering  losses  at  all 
infrared  wavelengths  rather  at  discrete  laser  wavelengths. 

The  eventual  goal  of  the  work  was  the  development  of  a substantially 
more  sensitive  ' echnique  for  the  determination  of  film  absorptivities  and 
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scattering  levels  as  a function  of  wavelength  in  the  infrared.  The  integrated 
optics  approach  to  the  problem  should  increase  the  sensitivity  by  sub- 
stantially increasing  the  pathlength  of  the  light  in  the  film  which  would  be 
traversed  parallel  to  a long  dimension  rather  than  through  its  thin 

cross  section,  as  it  would  be  for  a conventional  transmission  measure- 
ment. 


1 he  potential  advantage  of  the  technique,  in  addition  to  the  in- 
creased sensitivity,  is  the  generation  of  light  scattering  as  well  as  ab- 
sorption behavior.  Light  scattering  in  thin  films  may  prove  to  be  parti- 
cularly interesting  in  view  of  the  apparently  significant  role  which  in- 
clusions have  in  determining  their  damage  thresholds. 


I he  expo i imental  apparatus  which  was  designed  and  partially 
constructed  tor  the  project  is  shown  schematically  in  Fig.  18.  The  light 
from  a black  body  radiator  is  coupled  into  the  film  by  means  of  prism 
coupling  which  is  oriented  so  that  a small  wavelength  range  is  most 
efficiently  coupled  into  the  film.  Scattered  light  from  a region  in  the 
film  is  imaged  into  the  monochrometer/detector.  The  intensity  of  the 
scattered  light  may  in  principle  be  determined  as  a function  of  wavelength 
and  position  in  the  film,  by  varying  the  orientation  of  the  prism  and 
positioning  of  the  collecting  optics.  A second  prism  coupler  may  be 
used  to  examine  the  intensity  of  the  transmitted  beam  for  determination 
of  the  total  absorption  plus  scatter  losses.  In  both  cases  one  would 
measure  the  losses  as  a function  of  distance  along  the  film  in  order  to 
eliminate  the  effect  of  input  coupling  losses. 


This  apparatus  requires  a broad  band  infrared  radiation  source 
which  is  reasonably  intense.  Since  the  beam  must  be  focussed,  collimated 
and  refocussed  by  the  apparatus,  the  illuminator  must  be  a point  source. 
Such  commonly  used  infrared  sources  as  globa.s  are  not  acceptable. 


The  high  intensity  infrared  point  source,  shown  schematically  in 
1 ig.  If*,  was  constructed  for  use  with  the  thin  film  spectrometer.  It 


consists  of  GW  YAlO^rNd  laser  which  is  focused  onto  the  end  of  an 
alumina  rod  and  focussing  optics  to  introduce  the  block-body  radiation 
into  the  spectrometer . The  laser  was  capable  of  heating  the  alumina 
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Fig.  19  High  Intensity  Infrared  Point  Source. 
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in  the  foc  al  spot  to  approximately  2200®C,  above  its  melting  point.  The 
spectra!  distribution  of  the  radiation  from  this  source  is  given  in  Fig.  20. 
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Unfort  lately,  our  attempts  to  couple  even  coherent  light  from  a 
helium-neon  laser  (6228  angstroms)  into  the  vendor-supplied  films  were 
unsuccessful.  Several  factors  probably  contributed  detrimentally  to  the 
experiments.  First,  the  poor  surface  quality  of  the  vendor-supplied  (Fig.  21) 
substrates  caused  the  beam  to  be  strongly  scattered.  Further,  the  zinc 
stdenide,  which  was  used  for  the  coupling  prism  also  scatters  6328  ang- 
strom light  strongly.  These  conditions  may  both  be  corrected.  The  surface 
preparation  techniques  of  See.  3 of  this  report  will  produce  substantially 
higher  quality  surfaces,  and  more  nearly  scatter-free  zinc  selenide  is  now 
available  for  prisms.  Germanium  prisms  could  also  be  used  to  minimize 
scatter  introduced  by  tiie  apparatus  at  infrared  wavelengths . With  these 
refinements,  a better  assessment  of  the  approach  could  be  made. 


Two  additional  difficulties  with  the  approach  bear  mentioning. 
First,  since  the  efficiency  of  coupling  by  either  prisms  or  gratings  is 
extremely  angle-sensitive,  the  alignment  of  the  illuminator-coupler- 
sampler  system  is  critical  and  the  rotation  of  the  system  to  vary  the 
wavelength  range  of  the  light  in  the  film  must  be  very  carefully  designed. 
Seen  id,  since  the  film  is  required  to  act  as  a waveguide,  its  index  of 
refraction  must  be  higher  than  that  of  the  substrate.  This  effectively 
limits  the  technique  to  the  study  of  the  higher  index  films. 

We  believe  this  approach,  within  the  limits  set  forth  above,  can 
be  used  to  determine  the  wavelength  dependence  of  absorption  and 
scattering  in  infrared  optical  films.  It  will  require  a very  careful 
experimental  touch,  however,  and  therefore  should  he  made  the  object 
of  a more  single  purposed  study  so  that  a more  strongly  directed  effort 
can  be  made. 

2 . 2 Mechanical  Property  Characterization 


Thin  film  mechanical  properties  may  be  considered  from  several 
points  of  view.  The  user  requires  adhesion  above  all.  The  film  cannot 
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Fig.  21  Nomarski  Interference  Microscopy  of  Surfaces  of  Film 

Substrates. 


peel  under  its  intended  use  conditions.  The  user  will  then  typically  re- 
quire further  evidence  of  film  durability.  Abrasion  resistance  is 
important  if  the  film  must  be  cleared.  Thermal  shock  resistance  may 
be  important.  Films  which  r at  hygroscopic  or  water-soluble  materials 
must  be  truly  pinhole-free,  a condition  which  is  seldom  met  for  large- 
area  films  even  in  the  semiconductor  industry,  which  of  necessity  operates 
largely  in  a cleanroom  environment  more  conducive  to  such  films  than  do 
most  optical  film  producers.  Finally,  the  user  will  require  that  these  or 
other  properties  be  maintained  at  useful  levels  as  the  film  is  exposed  to 
its  use  environment.  We  note  here  that  the  user  of  high  power  laser 
optical  coatings  is  also  very  concerned  about  the  degradation  of  the 
coating  optical  properties  with  time  or  environmental  exposure. 

Environmentally  produced  optical  property  degradation  of  thin  films  has 
received  little  or  no  attention  to  date. 

I or  the  user,  pass-fail  tests  1 can  frequently  provide  the  required 
characterization.  II  the  film  falls  off  the  substrate  or  scratches  or  permits 
the  substrate  to  be  dissolved  aft-r  the  film  has  been  subjected  to  the  test 
treatment,  it  is  said  to  have  failed  the  test.  Most  characterizations  of 
thin  film  mechanical  properties  are  of  this  type. 

The  thin  film  physicist  prefers  a different  characterization.  The 
nature  and  strength  of  thQ  atomic  interactions  which  hold  the  film  to  its 
substrate  are  of  more  interest  than  whether  the  film  can  be  removed  by 
a piece  of  cellophane  tape.  The  state-of-stress  in  deposited  films, 
their  elastic  constants,  strengths  and  deformation  behavior  are  the 
subjects  of  interesting  and  fruitful  research.  For  much  of  this,  the 
experimental  techniques  require  films  which  are  of  little  practical 
importance. 


The  characterization  work  begun  during  this  project  has  been 
carried  out  from  a point  of  view  intermediate  between  these  two.  The 
techniques  were  to  be  more  quantitative  than  simple  pass-fail  tests  to 
permit  comparison  of  films  with  one  another,  with  themselves  during 
environmental  testing,  and  with  the  results  of  simpler  pass -fail  testing. 
The  techniques  were  in  addition  required  to  be  applicable  directly  to  the 


62 


VV*JV-  " ^ ' 

- ^,„^r  „.WM,„Wj  ^SiSr 


optical  films  of  interest.  The  adhesion  and  microhardness  of  the  films 
were  chosen  for  study  during  this  project,  adhesion  because  of  its  para- 
mount importance  among  film  properties  and  microhardness  because  it 
appeared  to  be  a quantitatively  determinable  quantity  which  could  be 
measured  for  the  films  themselves  and  then,  perhaps  in  combination 
with  adhesion  measurements,  be  correlated  with  the  user-oriented 
film  durability  tests. 


2.2.1  -Adhesion  measurements 


The  macroscopic  adhesion  strength  of  thin  films  is  determined 
bv  a complex  combination  of  atomic  bond  strengths,  physical  interlocking 
and  chemical  interdiffusion  of  the  film  and  substrate,  film  stresses,  and 
the  mechanical  strengths  of  the  film  and  substrate.  Although  the  area 
has  received  considerable  research  attention10*  11  no  generally  acceptable 
procedure  for  defining  or  measuring  thin  film  adhesion  exists.  During 
this  project,  exploratory  attempts  to  adapt  direct  pull  techniques  and 
scratch  tests  to  optical  films  were  made.  At  the  end  of  the  project,  the 
vendor-supplied  films  were  subjected  to  "Scotch  tape"*  tests. 


2.  2.  1.1  Direct  pull  testing 


In  these  methods,  a "handle"  of  some  sort  is  fixed  to  the  thin 
film  and  the  force  applied  to  the  handle  required  to  pull  the  film  from 
its  substrate  is  taken  to  be  the  adhesion  strength.  Several  excellent 


reviews  of  the  approach  11,12  which  present  its  many  experimental  embodi- 


ments in  detail  are  available.  Direct  pull  experiments  are  essentially 
extensions  of  the  "Scotch  tape"  test,  which  incorporate  some  quantitative 
measure  oi  a breaking  strength.  As  a class,  they  suffer  from  a common 
set  of  experimental  limitations.  These  include: 


1.  Specimen  alignment  - The  force  applied  to  the  film 
substrate  interface  for  a given  externally  applied  force  may  be  a 
strong  function  of  the  test  fixture  alignment.  Nonuniform  force  appli- 
cations may  be  undetectable  and  interpretation  of  the  applied  force- to- 
lracture  in  terms  of  the  film  adhesion  becomes  impossible. 
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-)  Bonding  agent  - Film  interaction  - The  changes  which  occur 
m the  film  as  a result  of  the  adhesive  used  to  affix  the  pulling  device 
are  generally  unknown.  This  problem  is  circumvented  in  some  tests 
which  peel  the  film  from  its  substrate,  but  these  require  films  which 
are  thick  and  strong  enough  to  support  themselves  during  the  test. 

3>  UeU'rminalion  °f  the  future  mechanism  - Films  may  be're- 
moved  from  only  a portion  of  the  test  area.  In  these  cases,  the  total 

ui  ure  will  have  taken  place  by  a complex  process  which  involved  both 
Uni  - substrate  debonding  and  film  adhesive  dobonding  and  may  have  in- 
cluded film-film  fracture.  Further,  misalignment  of  the  test  fixture 
may  cause  largo  variations  in  failure  modes. 

Nevertheless,  direct  pull  methods  may,  in  principle,  be  used  to 

rank  adhesion  strengths  of  films  more  quantitatively  than  simple  pass- 

ai  adhesion  tests.  They  were  considered  to  have  sufficient  merit  to 

warrant  exploratory  work  during  this  project.  The  test  fixture,  shown 

in  -ig.  was  constructed  for  the  experiments.  The  fused  silica 

pulling  rod  attached  to  the  film  is  fabricated  with  ends  polished  Hat  to 

w.thm  one  tenth  wave  (in  the  visible)  and  normal  to  the  rod  axis  to  within 
5 sec.  of  arc. 


Pulling  rods  were  cemented  to  the  films  in  a jig  which  held  the 
contacting  surfaces  parallel  and  produced  a uniformly  thick  adhesive 
layer.  The  force  was  applied  to  the  film  by  pulling  the  substrate  surface 
against  the  machined  pull  rod  guide  in  an  Instron  mechanical  testing 
apparatus.  After  some  experimentation.  Boxer  Epoxy*  was  selected 
as  the  adhesive.  This  is  an  unfilled,  room  temperature  curing  epoxy 
which  was  strong  enough  to  insure  failure  of  the  films  tested  at  the 
interface.  Epoxies  which  required  elevated  temperature  and  RTV-type 
compounds  which  release  acidic  byproducts  as  they  cure  were  rejected 
ecause  of  possible  interactions  with  the  films.  Cyanoacrylates  such 
as  Eastman-910  were  used,  buth  they  did  not  bond  reliably  in  the  test 
,„g  used  to  promote  alignment  of  the  pull  rod  and  film.  The  results  of  a 
typical  series  of  experiments  arc  summarized  in  Table  VI.  The  test 
specimen  was  an  arsenic  trisulfide  film  deposited  onto  a strontium 
f 1 uomd e s u l,s trat e.  fla c h data  point  corresponds  to  a single  test. 

Obtained  from  Edmunds  Scientific. 

Trademark,  Eastman  Kodak  Co. 
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Test  Fixture  for  Direct  Pull  Adhenion  TestH 


DIKhCT  1*1  1. 1.  AIJHKSION  TKSTING:  A.s.,S„  KII.M  OX  SrF 


(’nmnit-nih 

No  1 'rat  ture,  sample  intact 
Most  of  film  removed  !>v  test 
Most  of  film  removed  hv  test 
Most  of  film  removed  by  test 
Most  of  film  removed  bv  test 
Most  of  film  removed  bv  test 
I* i moved  all  of  film 


\' i ns  dib  til'  ad  orvnee  atrengt1  can  (><•  extracted  from  th**se  data.  The 
% ariabilit\  >f  t'  *-  results  was  snwn  to  be  due  at  least  in  part  to  the  stiffness 
•f  t‘ '*•  Jni\»'rsal  mints  w ir  aligned  t ie  test  fixture  in  the  Instron  apparatus, 
t 11-  s*  failed  at  applied  1 ads  w ic  were  too  s • ■ all  to  properly  align  the  fix- 
ture in  * >*  pparatus . \\  ile  this  profiler!,  could  probably  have  been  alle- 
\iat-d  bv  apoKmg  tae  force  through  long  flexible  wires  to  the  fixture,  the 
direct  pu ! i experir  ents  were  ter--  inated  in  fa\or  of  the  n ore  promising 
iero  ardness  work  discussed  in  paragraph 


Th<  for<  < required  to  s or  ipe  ,*  film  from  its  substrate  may  a’«o  be 
1 " 1 a-  i ft  • ire  of  it  * adhesion.  In  thi-  approach,  a tool  with  a known 
,l!  hallv  spherh  alt  point  g«*ometrv  i-  dragged  acro-s  the  Mlm  under  various 
load-  m l *h«  mall«*st  loa'i  whir  h remove,  a strip  of  film,  is  taken  as  the 
ad  Is  ion  measure.  Interpretation  o'  the  results  in  terms  of  actual 
adhesion  strengths  ha-  received  < on-iderable  attention  and  is  now  the 
subject  of  so-  e r »ntro»ersv.  10  The  • ethod  :ias  been  used  to  measure 
r«  prod  n iblv  various  time-dependent  ;»dh<  sion  effects  which  occur  for 
m<  ' illii  film  an  i to  demon  - tr.ate  tfi«*  increase  of  adhesion  caused  by  the 
diflu-ion  of  tl  iminum  through  a gold  'hin  film  to  the  substrate  surface.  10 


I he  *'  c »•»  h ti-  ter  -hown  schematically  in  I ig.  j:i  was  con  - 
stru»  trd  for  ns*  luring  'hi-  | > r-  * * i • • » t,  Th*’  tone  is  applied  through  a 


hfi 


aratus 


.spherical  diamond  point  of  0.001  inch  radius  by  loads  added  to  the  counter- 
balanced beam.  I he  sample  holder  is  a small  compound  vice  movement. 
Moth  sac  pie  table  and  beam  are  mounted  on  a section  of  optical  bench 
rail.  Scratches  are  produced  in  the  specimens  by  resting  the  loaded  in- 
ienter  gently  on  the  film  surface  and  sliding  the  sample  table  on  its 
compound  vice  movement  in  a direction  away  from  the  beam  pivot. 
Specimens  are  examined  by  Xomarski  interference  microscopy.  Figure  24 
contains  photographs  of  scratc  hes  in  arsenic  selenide  films  on  zinc 
solenide  substrate.-,.  A twenty  gram  load  produced  the  larger  scratch, 
a one  gram  load  the  s mailer . In  both  cases,  the  only  film  damage 
let ec table  in  the  optical  microsc  ope  is  associated  with  fracture  and 
living  of  along  tin*  groove  edges.  It  was  not  possible  to  detect  the  on- 
-'••t  ot  :iln:  removal  within  the  groove  itself,  where  the  applied  load  can 
be  correlated  with  the  force  at  the  film-substrate  interface.  We  believe 
-canning  electron  microprobe  technique  s should  be  capable  of  deter!;. ining 
*h»  onset  o'  tilm  removal  by  analyzing  the-  chemic  al  compositions  of  the 
scratch  and  if-  surroundings. 

The  technique  h is  been  applied  to  metallic  films  on  metallic  sub- 
13 

st rates.  lime-  limitations  have  prevented  our  application  of  the 

microprobe/scanning  electron  microscope  techniques  to  these  films. 

I h<-  apparatus  for  »h*-  experiments  has,  however,  been  constructed  and 
shown  to  produce  repeatable-  defects  on  the  surfaces  of  zinc  selenide 
and  alkaline  earth  fluoride  specimens.  Further  e xploitation  of  the  technique 
at  thi-  point  would  not  be  diffic  ult.  An  energy  di-persive  X-rav  analysis 
capability  has  recently  been  installed  on  the  Research  Division  scanning 
electron  mic  roscope-  and  is  available  for  the-  work. 

Scratch  testing  has,  in  the  past,  beer  chiefly  used  to  study  the 
adhesion  of  metallic  films  on  glass,  or  othe  r hard  brittle-  substrates. 

Optical  films  on  softer  -ubstrates  may  detorm  by  different  mechanisms. 

The-  increased  ensitivity  of  the  microprobe  detection  of  film  removed  is 
re  quire  d to  assess  the  technique  properly. 

2.2.  1.3  Pass-fail  testing 

At  th»-  end  of  'he  project,  adhesive  tape  adherence  test  of  MIL- 
M-13508C  was  applied  to  the  vendor-supplied  films.  At  that  time-,  the 


rra  ch  Test  of  Arsenic  Trisulfide  Film  on  Zinc  Selenide 


films  had  hern  exposed  to  the  atmosphere  for  approximately  eight  months. 
They  had  been  cleaned  several  times  by  boiling  in  Freon-113  and  evacuated 
and  re-exposed  to  the  atmosphere  several  times  during  the  calorimetry 
experiments. 

In  tin*  test,  a piece  of  Scotch  tape  is  placed  on  the  film,  pulled 
down  over  the  edge  of  the  specimen,  rubbed  into  close  contact  with  the 
surlare,  and  removed  bv  a slow,  steady  pull.  Three  of  the  arsenic 
trisulfide  films  failed  the  test,  one  each  on  barium  fluoride  and  zinc 
selenide  substrates  from  Vendor  2 and  one  on  barium  fluoride  from 
Vendor  V».  3. 

-i.  - . -i  Mit-rohardm'ss  measurements 

AI!  of  the  characterization  techniques  discussed  to  this  point  have, 
in  ta<  ’,  measured  properties  which  were  determined  bv  both  the  film  and 
i’  sub  *rat»  . Separation  of  a true  film  property  from  them  was  possible 
onlv  for  the  calorimetrie  absorption  determinations,  the  phvsics  of  which 
is  well  understood.  I hi-  section  of  the  report  discusses  the  application  of 
n.i<  rohardness  measurements  to  thin  tilms.  To  a much  larger  extent 
than  i.-  possible  with  other  mechanical  property  characterizations,  this 
appro  " ’ may  be  i-ed  to  distinguish  film  from  substrate  properties. 

Microhardness  measurements  are  made  bv  pressing  a diamond 
point  into  ’he  test  -peeimen  under  a known  load,  commonly  between  50 
and  hundred  gram  - , and  measuring  the  size  of  the  indentation 

produced.  Various  -’andard  ind enter  shapes  have  been  adopted  and 
cotmrn.fi  i illv-a-.  ailable  microhardness  test  equipment  is  widely  used 
both  for  laboratory  and  industrial  materials  evaluation.  Important 
application  - ' include  commercial  uses  such  as  qualification  of  materials 
and  fabricated  parts  and  basic  studies  of  deformation  behavior  of  crystalline 
and  amorphous  solids. 

Microhardness  indentations  produced  by  the  normal  range  of  loads 
are  typicallv  several  micrometers  deep.  Very  light  loads  are  difficult 
to  apply  rcp_r_od_ucj hly  and  hardness  data  taken  at  light  loads  is  frequently 
Trademark,  .3 M Company. 
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inconsistent  and  difficult  to  interpret.  For  these  reasons,  then,  very  little 

information  about  the  microhardness  of  thin  films  exists.  Two  reports 

which  have  been  published  treat  films  which  are  thick  enough  to  behave 

as  bulk  materials  to  standard  microhardness  test  equipment.  These 

are  tens  to  hundreds  of  micrometers  thick,  substantially  thicker  than 

the  optical  films  considered  here,  but  thev  offer  interesting  insight 

15 

into  the  potential  of  the  technique.  Palatnik  and  Gladkikh  show  in- 
creasing hardness  in  metallic  films  with  decreasing  substrate  tempera- 
ture. This  effect  can  probably  be  explained  by  a film  grain  size  which 
decreases  with  the  substrate  temperature.  More  recently,  Furuuchi  and 
Sakata  ha\e  demonstrated  a dependence  of  the  hardness  of  SiOg  films 
on  both  the  evaporation  technique  and  the  pressure  of  the  residual  atmos- 
phere in  the  chamber  during  evaporation. 


In  the  following  sections,  we  discuss  the  construction  of  a micro- 
hardness  tester  which  can  be  used  to  examine  micrometer-thick  films 
and  present  some  preliminary  data  taken  with  it. 


2.2.2.  1 Microhardness  tests;  experimental 
apparatus 

In  order  to  represent  the  properties  of  the  film  alone, the  depth  of 
a microhardness  indentation  must  be  substantially  less  than  the  film 
thickness.  Estimates  of  the  appropriate  thickness  to  depth  ratio  range 
from  six  to  fifteen.  For  the  micrometer-thick  films,  indentation  depths 
on  the  order  of  1000  angstroms  are  required. 

Figure25aisa  photograph  of  the  microhardness  tester  constructed 
during  this  project.  F'igure  25b  shows  in  cross  section  the  operation  of 
the  indenter.  Figure  26  is  a block  diagram  of  the  tester  and  its  electronics. 
The  instrument,  housed  in  a modified  optical  microscopy  frame,  consists 
of  a specimen  table,  a piezoelectric  micropositioner  mounted  below  the 
specimen  table,  and  a diamond  indenter  point  mounted  at  the  end  of  an 
aluminum  cantilever  beam  above  the  micropositioner.  The  position  of 
the  indenter  point  may  be  determined  by  either  the  semiconductor  strain 
gauges  on  the  beam  or  the  linear  voltage  differential  transformer  (LVDT)* 

Robinson-Halpern  No.  70-3051F.  This  is  the  LVDT  used  by  Sloan 
Instruments  in  their  Dektak  surface  profilometer  which  has  a sensitivity 
of  the  order  of  tens  of  angstroms. 
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mounted  above  it.  During  the  development  of  the  apparatus,  the  LVDT 
proved  to  be  more  reliable  and  less  noisy  than  the  strain  gauges.  All 
experimental  data  were  taken  using  the  LVDT.  The  position  of  the 
specimen  is  determined  by  the  voltage  applied  to  the  piezoelectric 
mieropositioner. 


During  operation,  the  sample  to  be  measured  is  placed  on  the 
specimen  table.  The  table  is  raised  and  the  indenter  lowered  manually 
with  the  coarse  and  fine  control  knobs  on  the  microscope  housing  until 
the  sample  is  within  range  of  the  piezoelectric  mieropositioner.  A 
digital  function  generator  provides  a trapezoidal  wave  form,  with  a rise 
and  tall  time  of  50  seconds  an  1 a hold  lime  of  approximately  30  seconds 
(all  are  variable),  to  a high  voltage  linear  amplifier  which  provides  the 
drive  to  the  mieropositioner,  raising  and  lowering  the  sample  into  the 
diamond  indenter.  1’he  drive  voltage  to  the  mieropositioner  is  used  to 
drive  the  x input  of  an  x-y  recorder.  The  position  of  the  diamond  in- 
denter (beam  position)  is  monitored  by  the  LVD'l  and  this  signal  is 
applied  to  the  y input  of  the  recorder  which  now  plots  signals  proportional 
to  the  displacements  of  the  sample  and  the  indenter  during  the  indentation 
process . These  may  be  expressed  in  terms  of  load  applied  to  the  indenter 
and  displacements  of  the  sample  by  means  of  suitable  calibrations. 


Figure  27  is  the  voltage-displacement  calibration  retained  for 
the  piezoelectric  translator.  Since  the  total  displacement  range  of  the 
device  was  only  nineteen  micrometers,  the  displacement  was  measured 
interferometrirally.  The  difference  in  displacement  for  increasing  and 
decreasing  voltages  is  produced  by  hysteresis  in  the  piezoelectric  mate- 
-ial.  The  microhardness  data  were  taken  using  only  the  increasing  voltage 
leg  of  the  curve  for  which  a constant  of  0.019  pm/volt  was  taken  from  the 
calibration  curve. 


| 

1 


The  beams  fabricated  ior  the  apparatus  were  calibrated  directly 
by  measuring  the  LVDT  signals  produced  by  various  beam  loadings. 
Figure  28  is  a calibration  curve  for  a 2.25  X 12.70  X 88.90  millimeter 
aluminum  beam  for  which  the  calibration  constant  was  0.699  volts/gram. 

bine.;  the  apparatus  measures  small  deflections  of  a cantilevered 
beam,  it  is  very  sensitive  to  room  vibrations.  For  the  experiments 
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discussed  in  this  report,  the  microhardness  apparatus  was  mounted  on  a 
2 > 4 loot  air-suspension  optical  bench  which  was  in  turn  set  on  a heavy 
granite-top  table.  A commercial  microhardness  apparatus  (Kentron) 
was  placed  on  the  same  table. 


Figure  20  shows  schematically  the  data  taken  during  a typical 
microhardness  experiment.  As  the  sample  is  raised  ior  the  first 
sweep,  it  makes  contact  with  the  indenter  at  Position  1.  As  the  sweep 
continues,  the  load  and  specimen  displacement  were  given  by  the  y and 
x axes  of  the  plot.  Position  No.  2 of  the  figure  corresponds  to  the  point 
of  maximum  load  and  specimen  motion  during  the  sweep.  The  voltage 
to  the  sample  translator  is  returned  to  its  original  value  and  the  specimen 
is  pulled  away  from  the  indenter  and  returned  to  its  original  position. 

This  portion  of  the  cycle  is  not  shown  in  the  figure  because  the  hysteresis 
of  the  translator  complicates  its  appearance.  The  specimen  is  raised 
into  the  indenter  for  a second  time  and  a new  point  of  contact  (position  3) 
is  recorded.  The  indentation  depth  is  taken  as  the  difference  in  displace- 
ment between  the  first  and  second  contact  points  (positions  1 and  3)  and 
the  load  as  the  maximum  y value  during  the  first  sweep  (position  2). 


The  apparatus  discussed  above  was,  in  fact,  the  second  micro- 
hardness tester  constructed  for  the  program.  The  first  one,  shown  in 
Fig.  30,  was  a modified  analytical  balance  in  which  the  indenter  re- 
placed one  pan  position  and  a solenoid  core  the  other.  The  instrument 
had  at  one  time  been  a portion  of  an  automated  thermogravimetric  analyses  . 
apparatus.  The  attitude  of  the  balance  beam  is  sensed  by  a position-sensitive 
photocell  which  receives  a light  beam  reflected  from  the  mirror  at  the 
balance  point.  Two  approaches  to  microhardness  determination  were 
attempted  with  the  balance.  In  the  first,  the  photocell  signal  was  used 
in  a feedback  loop  to  control  the  current  in  the  solenoid  so  as  to  keep  the 
position  of  the  indenter  constant  as  the  sample  was  raised  into  it  (by 
the  piezoelectric  translator).  The  coil  current  was  measured  to  dete. 
mine  the  indenting  load  and  'he  indentation  size  was  determined  in  an 
optical  microscope.  Unfortunately  the  contact  of  the  indenter  with  the 
rigid  specimen  caused  the  characteristics  of  the  feedback  loop  to  change 
to  the  extent  that  the  system  broke  into  oscillation.  None  of  the  manv 
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Fig.  29  Recorder  Trace  of  Typical  Microhardness  Experiment. 


moilifh  iiiot)"  modi 1 to  I h« ■ Iceilburk  approach  substantially  eh  inged  its 
behavim  , I‘1h  second  ippi'o.'ii  I)  used  lln-  h;i  1 :i n<‘ i * as  a loadira  device 
hv  wi  ! i*  I it  i tijj  (hr  indvnter  end  nt  i hi  * beam  which  was  balanced  by  the 

I,  positioning  tin-  specimen  wi'Oiin  0.001-0.002  inches  of  the  in  - 
hnii  i,  m I iJ'  i n idm1  i i ‘ • ! nrrent  in  i|h-  solenoid  ( oil  (thus  loading  the 
pivhnfip  bv  II ■ cli  ii’citu!  i capacitor  throiuih  the  coil.  Indentation  sixes 
y .u', tin  I*  t>  i mined  optic  1 1 1 v . This  technique  was  useii  In  apply  loads 
in.il!  i I (0  mlllicr  im  to  -pet  iim'ii  surfaces,  hut  the  vibration 
cttMtivitN  nt  the  apparatu  md  the  nsptl cement  of  optical  microscopy 
I'm  In  h niatii»n  t h.n  ai  ti  rl  ' itlnn  wi  re  considered  to  make  it  unacceptable, 

I In  tilv,  i t ommer'  I il  mil  rnhnnlMess  tester  was  usefl  to  providf 
d ita  1 1 • tin  t with  h dr  opetation  of  tin*  new  apparatus  could  be  compared. 
In  Mil  ipparain- , tin  lo  ut  Is  apple  d to  the  Indentor  bv  the  motion  of  a 

vt  li  liiiil  beam  which  Is  controlled  bv  an  oil-filled  dash  pot.  The 
pet  linen  i mounted  on  a fwo-pos{tion  stare,  One  position  holds  the 
pm  Inn  n indej  tin  Indented  and  the  other  holds  the  indentation  in  the 
field  of  view  oi  in  optical  microscope  for  measurement.  The  applied 
hurt  mas  be  1 pi  ted  be)v.c«n  one  t>rnm  and  ten  kiloijrams,  In  practice, 
lo  els  between  ipproslmntelv  fifty  reams  and  several  hundred  maims 
arc  most  eommonlv  used,  l.it/iiter  loads  usually  produce  erratic  results 
ntJ'l  are  ooj  led.  One  of  the  flndlnt's  of  this  work  rns  that  room  vibra- 
tion pin  veil  a larijcr  role  in  ibis  nonreproducibiUtv  than  was  previously 
■ ii ppos i M 1 . The  hardness  of  /.inr  seb  nide  bulk  specimens  determined  by 
>0-ri  nn  loads  was  tound  to  depend  stronulv  on  whether  a large  floor - 
mounted  v ii  mini  pump  loeated  .several  laboratories  away  was  turned 
on  or  off.  Men,- arenjenfs  uslm.'  the  smaller  loads  required  for  thin 
film  determination  were  impossible.  Alter  this  observation,  the 
Kentron  unit  wa  placed  on  the  air  suspension  table  alonr  with  the 
experimental  nltr amicrohanlness  tester.  The  results  reported  in  the 
lie vi  e<  linn  wi  rc  lalo-n  with  both  units  on  the  air-suspension  table. 

2.2.d.2  Mirrohardness  tests?  results  and 
discussions 

Mieroliardnessrs  are  reported  as  hardness  numbers  which  have 
tia  unit  s of  pressure,  kilograms  per  squni  millimeter.  These  are 

Kentron  Model  AK20H 


deter  mi  noil  by  the*  load  applied  to  the  irdenter  (in  kilograms  using  mass 
l'or  force)  and  the  cross-sectional  area  of  the  indentation  at  the  specimen 
surface  (in  square  millimeters).  Microhardness  indenter  shapes  have 
been  standardized  and  very  accurately  fabricated  indenters  are  available. 
The  Knoop  indenter  was  used  for  all  experiments  reported  here.  The 
KnoDp  indenter  is  a pyramidal  point  with  included  angles  of  130°  and 
172°  -(O'  between  the  two  pairs  of  faces.  It  produces  a diamond-shaped 
indentation  with  one  diagonal  approximately  seven  times  longer  than  the 
other.  The  long  diagonal  is  thirty  times  the  depth  oi  the  indentation. 

The  other  rcmnion  in 'enter  point,  the  Vickers,  produces  a square  in- 
dentation of  a depth  one  sixth  of  its  diagonal.  Microhardness  numbers 
are  obtained  by  measuring  the  applied  load  and  a linear  dimension  ot 
the  indentation  which  is  squared  and  converted  to  an  area  by  multiplication 
bv  a constant  for  the  indenter  type  used  in  the  experiment.  For  the  Knoop 
indenter,  the  square  of  the  long  diagonal  of  the  indentation  (in  square 
millimeters)  is  multiplied  by  0.07028. 

The  indentation  behavior  that  the  apparatus  should  produce  may  be 
deduced  by  considering  a typical  stress-strain  curve  for  a solid  under- 
going plastic  deformation  (Fig.  31).  During  the  first  loading,  the  strain 
inc  reases  rapidly  and  linearly  with  stress  until  the  elastic  limit  is 
exceeded  and  more  slowly  thereafter  as  material  work  hardens.  Work 
burdening  is  the  increase  in  yield  strength  produced  in  a material  by 
plastic  deformation.  For  this  discussion,  the  important  feature  of  the 
phenomenon  is  given  by  the  second  loading  (curve  2),  which  shows  that 
a higher  load  is  now  required  to  produce  further  plastic  deformation  in 
the  material.  Considering  now  the  indentation  process,  wc  see  that 
the  first  sweep  of  an  indentation  experiment  corresponds  to  the  first 
loading  of  Fig.  31.  During  this  step,  deformation  and  work  hardening 
occur.  The  second  sweep,  since  it  does  not  produce  any  higher  in- 
denter load,  should  not  cau^e  any  further  indentation.  Load-displacement 
traces  of  subsequent  sweeps  should  fall  on  top  ot  the  second  s.eep. 

This  expected  behavior  was  commonly  found  to  occur.  An  example  is 
given  by  the  lower  traces  in  Fig.  32,  data  taken  during  indentation 
of  a fresh  chemically  polished  potassium  chloride  surface.  In  this  case, 
the  indentation  depth  is  cumulated  to  be  1.07  micrometers  which  should 
correspond  to  a long  diagonal  length  thirty  times  longer  or  32.  1 pm. 
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Indentation  ‘Behavior  ol  Potassium  Chloride  Surfaces 


rhr  indentation,  measured  subsequently  in  an  optical  microscope, was  36.0 
micromet.-r^,  which  is  within  la  percent  of  the  calculated  value.  An 
example  ot  anomalous  behavior'  rnav  be*  seen  in  the  upper  traces  of  Fig.  32 
indentation  traces  of  the  same  specimen  which  produced  the  "proper" 
behavior,  but  before  the  chemical  polishing  treatments.  In  this  case, 
ear  h succeeding  indentation  sweep  produced  further  deformation.  Al- 
though we  have,  at  present,  no  explanation  for  the  behavior,  it  is  clearly 
produced  bvjhe  state  ot  the  surface  being  indented.  Hannoman  and 
Westbrook  have  reported  a dependence  of  the  hardness  of  a variety  of 


c r \ 1 a 1 1 i no  an  i amorphous  materials  upon  the  extent  of  their  absorption 
o*  *va!'-‘r  trom  the  atmosphere.  These  observations  suggest  that  low-load 
mi(  r oliai  drum.-  behavior  could  be  used  to  follow  the  effects  of  environmental 
degradation  of  the  mechanical  properties  of  surfaces  (and  by  extension, 
films)  one  of  the  primary  goals  of  our  characterization  experiments. 

I liesi  indentations  were-  made  by  loads  of  1,3  grams  on  the  chemically 
polished  and  1.6  grams  on  the  "dirty"  surface. 


A second  form  of  anon  a lows  behavior,  this  one  produced  by  an 
ins  ti  u men  I a 1 iifiicuitv>is  given  in  big.  33,  in  t hi  case,  (ho  contact  point 
of  the  second  sweep  is  seen  to  occur  before  that  of  the  first  sweep.  The 
apparent  interpretation  of  this  is  that  the  first  indentation  actually  produced 
a convex  dimple  rather  than  a hole  in  the  surface.  The  actual  cause  is  seen 
in  the  photograph  inset.  During  the  second  sweep,  the  indenter  has 
actually  missed  the  center  of  the  indentation  and  made  contact  at  a higher 
elevation  with  the  deformed  material  beside  the  original  indentation.  The 
effect  produced  two  important,  actions.  First,  during  the  experiments 
discussed  in  this  report,  each  indentation  was  subsequently  located  and 
examined  in  an  optical  microscope.  This  procedure  made  the  microhard- 
ne.->s  measurements  substantially  more  tedious  and  time  consuming  than 
was  desirable  and  decreased  the  opportunity  for  gathering  statistically 
interpret, able  microhardness  data.  Second,  it  prompted  a design  for  a 
revised  version  of  the  instrument  in  which  the  motions  of  the  sample  and 
indenter  are  measured  separately  by  two  I.VDT's  and  the  piezoelectric 
translator  is  used  only  to  provide  the  specimen  motion.  W'e  believe  the 
translator  hysteresis  makes  the  specimen  position  insufficiently  predict- 
able during  the  downward  motion  and  use  the  two  cycle  approach  in  order 
to  begin  with  the  translator  in  the  same  state  for  both  the  indenting  and 
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measuring  stops.  Tho  rovisod  version  of  the  apparatus  will  require  onlv 
a single  sweep  to  generate  the  indentation  depth  information.  The  offset 
between  the  indentations  in  !•  ig.  was  probably  produced  by  a very 
small  lateral  sample  motion  between  indentation  sweeps. 


lo  assess  the  value  ol  the  apparatus  as  a quantitative  microhard- 
ttess  t<  ster,  it  is  necessary  to  consider  the  mic rohardness  measurement 
itsell  in  more  detail.  Since  microhardness  is  supposed  to  be  a material 
property , the  numerical  value  of  mierohardness  determined  for  a mr- 
icrial  should  he  independent  of  the  load.  To  the  extent  that  this  is  true, 
the  size  ot  the  mierohardness  indentation  which  should  be  produced  by 
arr.  load  mav  be  "alculated,  given  the  hardness  number.  Recall  that 
the  hardness  number  is  defined  as  the  ratio  of  the  applied  load  (in  kilo- 
gi  ams)  to  the  area  ot  the  indentation  (in  square  millimeters)  and  that 
tile  square  root.-  o!  the  areas  and  the  liner  dimensions  of  mierohardness 
indentations  arc  related  In-  constants  lor  each  indent  or  type . For  loads 
in  excess  of  approximately  50  grams,  the  mierohardness  of  a large 
variety  ot  materials  does  exhibit  this  expected  independence  of  load, 
for  lower  loads,  large  deviations  from  the  idealized  behavior  are  fre- 
quently observed.  While  these  deviations  mav  he  produced  by  true  surface 
hardness  variations,  instrumental  errors  are  more  commonly  the  cause. 

I he  importance  of  vibration  isolation  has  already  been  discussed.  When 
very  light  loads  are  used,  the  accuracy  of  fabrication,  of  the  indenter  also  be 
comes  critical.  For  the  measurements  reported  here,  both  the  depth  and 
length  of  each  indentation  were  measured.  Those  two  dimensions  should 
be  in  the  ratio  of  1:30  for  Knoop  indentations.  The  dimensions  of  some 
typical  indentations  produced  by  the  diamond  indenter  used  for  the  micro- 
hardness  tester  are  tabulated  jn  Table  VII. 


tabu:  vii 


DKPTII  C OKU  MOTIONS 

FOR  MIC  ROM  A RDNLSS  1NDKNTA  TION.S 

(pm) 

Different 

Sample 

Load  (gm) 

Indent  1 .ength 
Optically  (gm) 

Indent  Depth 
Length  X 1 /.BO 
(pm) 

Measu  re 
Depth  UHMT 
(pm) 

Hulk  KC1DB-1 

1.  Ii8 

38.88 

1.220 

1.071 

0.  158 

Bulk  As->SV 

1.  50 

12.21 

0.  40' 

0.  280 

0.  127 

Bulk  KC1  DP,  - 1 

J.  50 

40.  67 

1.306 

1.  195 

0.  1610 

/.nSe  la/AsvS-j 

1.66 

1 1.75 

o 

o 

CC 

• 

o 

0.  19 

0. 2017 

815 


1 
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The  dale  in  Table  VII  demonstrate  that  the  indenter  behaves  as  though  its 
til,  were  slightly  blunted.  The  apparent  difference  between  the  actual  and 
the  expected  position  of  the  tip  of  II, e indenter  ranges  from  1200  to  2000 
angstroms.  This  discrepancy  may  be  produced  by  an  actual  dimens, onal 
inaccuracy  of  the  indent,  r tip,  bv  elastic  recovery  of  material  beneath 
the  indentation,  or  bv  some  combination  of  the  two.  As  a practical  ap- 
proach, however,  an  estimate  of  the  indentation  diagonal  length  whteh 
should  be  produced  may  be  calculated  from  the  indentation  depth  by 

Kq.  (27). 


Indentation  length  = (measured  depth  » 1600A)  20  . 


(27) 


This  length  should  scale  as  the  square  root  of  the  applied  load.  These  ob- 
servations make  a comparison  of  the  operation  of  the  ultramierohardness 
tester  constructed  for  this  program  with  the  commercial  Kentron  umt 
possible.  Tables  VIII  and  IX  present  data  obtained  by  the  two  units  on  a 
variety  of  bulk  and  thin  film  materials.  To  provide  the  comparison,  the 
Kentron  measurements  were  performed  using  a one  gram  load.  Two  or 
three  measurements  are  averaged  to  provide  an  indentation  length.  The 
same  specimens  were  then  tested  with  the  ultramierohardness  tester 
(Tjmht)  and  the  load  and  depth,  corresponding  to  a single,  well-behaved 
indentation  cycle*  determined  for  each  specimen.  The  Kentron  data  were 
Ihc-n  scaled  by  the  square  root  of  the  ratio  of  the  (UMHT)  load  to  the 
Kentron  load  to  determine  the  sire  indentation  the  Kentron  instrument 
would  have  produced  if  it  had  been  used  with  the  same  load  as  the  UMH 
apparatus  applied.  This  value  appears  in  the  tahles  under  the  column 
" Kentron  Indentations."  The  depths  measured  for  (he  UMHT  indentations 
were  then  used  to  calculate  the  size  indentation  which  have  been  produced 

(,.-q  These  values  appear  as  "Calculated  Indentations."  Finally. 

the  indentations  were  located  and  measured  in  an  optical  microscope  to 
produce  the  column  of  " Measured  Indentations.'' 


While  these  are  preliminary  data,  limited  in  statistical  significance  by 
the  necessity  of  optically  inspecting  each  indentation,  the  results  obtained 
by  the  two  instruments  show  good  general  agreement.  In  eigtrtof ' the 


indentation  cycle. 
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rOMl’ARISON  or  ULTRA MK-tOnAUPNIiSS  AMD  KKNTHOtt 
JUL’ASURKMKNTS  OF  HLLK  MATFwtai  y 


KC1  (dirtv) 
KC1  (clean) 
A.s,rS,, 

/•nSe 
/.nSe 
/.nSe 
'nt 
rhi-' , 


1 .oad 

(«m) 

1. 50 
1. 28 
1.  50 
1.  7 
1 . -1 5 
1.805 
1. 757 
1. 70 


U 111  II T Indentations 

Measured 
Calculated  pim)  Optically 


Kentron 

Indentations  ( |x  m ) 


•40.6  5 

40.  6 i 

39.  51 

86.00 

86.  88 

35.  45 

15\  00 

12.  21 

1.8.70 

10.02 

14.82 

11.0 

6.71 

1 3 o 84 

10.  16 

14.  12 

16.45 

11,62 

0.20 

14.75 

9.0 

20.  1.3 

0.66 

12.  18 

TAm  !•'  IX 

COMPAIilsON-  or  IM.TIiAVlICHDIIAHDNTKsS  AND  KKNTHON 
MhASU  UK  MM  NTS  OF  I '1 1X1  IV]  A T L'R  I A LS 
I ~ ~ U iVl H I'  Inden  tations 
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eighteen  specimens  examined,  all  three  determinations  agree  to  within 
l>Ius  or  minus  one  micrometer  o!'  eaeli  other.  Among  those  lor  which 
the  agreement  ol  all  three  values  was  not  so  close,  the  directly  measured 
and  calculated  values  obtained  with  the  ultramicrohardness  unit  showed 
the  better  agreement  with  the  Kentron  data  with  approximately  the  same 
frequency.  We  believe  the  principle'  of  operation  of  the  ultramicro),  mdness 
tester  has  been  demonstrated  to  bo  valid  by  these  experiments.  Further 
work  will  lu  required  to  characterize  the  instrument  completely.  The 
reproducibility  and  speed  01  peration  of  the  unit  should  both  he  improved 
hv  the  addition  of  a second  1AI)T  to  permit  single  rather  than  double 
sw<  -p  operation.  Note  that  the  loads  selected  for  the  IJMHT  for  these 
experiments  were  purposely  made  large  .-o  that  tin-  results  could  he 
compared  with  those  *:d:en  with  the  Kentron  apparatus.  The  new  appara- 
tus should  be  i apable  of  determining  indentation  dep'hs  on  the  order  of  a 
hundred  angstrom.-  and  loads  as  small  as  a hundred  milligrams. 

Both  the  K:\1HT  and  the  Kentron  units  were  used  to  obtain  film 
hardness  values.  Table  X is  a comparison  of  indent  de  pths  for  various 
bulk  and  film  materials.  Data  were  obtained  at  various  loads  with  the 
bMUT  and  scaled  to  1.8  grams  so  that  the  indentations  could  be  compared 
di ret  t lv. 

tabu:  x 


COMPARISON  UK  BULK  AND  FILM  A1I( ' KOHA BD.NFSS  VAIAIKS 

Indentation  Depth  (pm)  for  1.8  gm  L o a d 


Material 

Bulk 

Film 

Substrate 

Ah.jS.j 

o 

• 

o 

0.  80 

Zn.Se 

*-  ' J 

0.  19 

11a  F j. 

ZnSe 

0.  18 

0.10 

BaF.; 

ZnS 

0.  la 

0.07 

Zn.Se 

ThF  , 

0.  59 

0.  11 

ZnSe 

.Note  that  in 

all  cases,  the  films 

are  harder  than 

the  corresponding 

bulk  materials  (the 

film  indentations  art 

? shallower).  F 

or  all  comparisons 

except  the  thorium  fluoride,  the  indentations  differ  by  approximately  a 
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factor  of  two.  This  corresponds  to  a factor  of  four  in  the  hardness  num- 
bers which  are  proportional  to  the  square  of  the  depth.  Although  the 
experiments  were  not  extensive  enough  to  determine  the  hardness  be- 
havior in  detail,  the  behavior  is  at  least  qualitatively  correct.  The 
yield  strength  of  polycrystalline  solids  is  well  known  to  increase  with 
decreasing  grain  size  because  the  dislocation  motion  which  is  responsible 
for  macro  plastic  deformation  is  impeded  by  the  grain  boundaries.  On 
this  basis,  the  hardness,  which  is  closely  related  to  the  yield  strength, 
should  be  higher  for  these  thin  films  (which  are  very  fine-grained)  than 
for  the  larger  grain-size  bulk  material. 

Table  XI  compares  the  indentation  behavior  determined  by  the 
Korrtron  unit  (using  a one  gram  load)  of  examples  of  the  vendor-supplied 
films. 


TABLE  XI 


Film 

ThB4 


As 


ZnSe 


ZnS 


MICllOHAUDNESS  OF  VliNDOR-SUPPLIED  FILMS 

Indentation  Length 


Substr  ate Supplier (pm) 

BaFy  1 10.9 

2 10. 4 

3 11.1 

ZnSe  1 8.5 

2 8.6 

3 8.5 

BaF,,  1 12.12 

2 12.14 

3 8.3 

ZnSe  1 11.2 

2 13.7 

3 9.  1 

BaF..  1 4.6 

2 4.5 

3 6.9 

ZnSe  1 4.6 

2 5.4 

3 4. 6 
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Several  comments  are  appropriate  to  the  t.il’k.  First,  the  sub- 
stantial variability  in  absorptivity  of  the  ThF^  films  from  the  three 
suppliers  are  not  reflected  in  the  microhardness  data.  Note,  however, 
that  there  is  a c1  ar  effect  of  the  substrate  type  upon  the  hardness 
values  obtained  for  all  thorium  fluoride  alms.  The  thorium  fluoride 
films  were  ail  on  the  order  of  1.6  pi.  'ruck  and  tin  indentations  were 
on  t he  oider  of  0.3  um  deep,  approximately  a factor  of  five  smaller 
than  t hf  film  thickness.  Clearly  smaller  loads  will  be  required  to 
detect  correlations  between  deposition  conditions  and  microhardness 
in  those  films. 


The  arsenic  trisulfide  film'  from  Vendor  No.  3 appear  to 


harder  than  those  from  the  other  two  suppliers.  In  fact,  however, 
the  Vendor  3 films  were  also  thinner  than  those  from  the  other  tw’o  vendors. 
In  this  case  as  in  the  thorium  flu  odd  e case,  the  ultramicrohardness 
apparatus  . hould  provide  additional  information.  Unfortunately,  time 
die  not  permit  continued  experimentation. 

Finally,  we  treat  qualitatively  a further  potential  use  of  micro- 
ha r In  ess  testing  of  thin  films  - adhesion  experiments.  Figure  34  contains 
photomicrographs  of  indenta' ions  of  an  arsenic  sulfide  film  on  zinc 
selenide  under  various  loads.  A light  area  caused  by  dim  lifting  may  be 
seen  to  occur  at  the  ends  of  the  short  indentation  diagonal  and  to  in- 
crease with  applied  load  until  the  film  is  removed  nom  the  substrate. 
Scanning  * lectron  micrographs  of  a similar  case  are  given  in  Fig.  35. 

The  film  which  is  shown  litting  in  Fig.  34  was  adherent  enough  to  pass 
the  "Scotch  tape  1 test  in  paragraph  2.3.  1.3.  Microhardness  methods 
may  he  used  to  produce  debonding  effects  in  films  by  the  application  of 
v.ell-r  haraeteri/.ed  loads.  The  extent  to  which  quantitative  information 
may  he  • xlraetod  from  this  approach  must  still  bo  determined  by  experi- 
ment-, but  its  applicability  to  films  which  will  pass  the  common  user- 
oriented  pass-fail  test  make  it  attractive.  Further  adhesion  investigations, 
like  the  direct  microhardness  measurements,  could  be  carried  out  in 
environmentally-controlled  chambers  to  study  such  effects  as  corrosion- 
assisted  debonding  of  films. 
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In  summiirv,  .in  operable  ultramic rohardness  apparatus  has  been 
constructed  and  demonstrated.  Operating  well  above  its  minimum  load 
limit,  it  his  been  shown  to  produce  indentation  behavior  which  is  quanti- 
tativi  lv  similar  to  that  of  a commercial  aiic  rohardness  apparatus 
operating  it  its  minimum  limit.  Time  limitations  prevented  extensive 
( \pt  rimentation  with  the  apparatus.  It  was  used  to  demonstrate  the 
expected  increase  of  hardness  of  film  materials  over  their  corresponding 
1ml k forms,  f’he  minimum  loads  available  on  a commercial  microhardncss 
tests  were  shown  ta  be  large  enough  to  produce  substrate  effects  on  1 . R rnicro- 
r eter  thick  'I  d ^ films  and  1.0  micrometer  As,,S^  films.  Correlation  of 
nrdness  beha\  ior  with  deposition  conditions  must  be  done  with  an  ultra- 
icrohardness  apparatus.  Moth  units  were  used  to  demonstrate  that  the 
filr  materials  were  approximately  four  times  harder  titan  their  corresponding 
hulk  forms.  \o  significant  variation  of  film  hardness  among  the  commercial 
vendors  was  determined. 

Performance  limit:*  ns  of  the  existing  apparatus  have  been  de- 
fined and  conceptual  design  of  an  improved  version  has  begun.  The  im- 
proved apparatus  will  provide  for  single  sweep  indentation  and  environ- 
mental chamber  operation. 

I’he  mo'.t  promising  future  applications  for  microhardness  testing 
of  thin  films,  in  addition  to  correlation  of  hardness  and  deposition  con- 
dition.'., are  studies  of  environmental  (particularly  temperature  and 
humidity)  effects  upon  film  hardness  and  film  adhesion.  These  may  be 
carried  out  by  testing  after  or  during  the  environmental  exposure.  In 
addition,  microhardness  testing  information  should  he  extendable  both  to 
the  practical  requirement  for  more  quantitative  film  durability  characteri- 
zation and  to  more  basic  studies  of  film  deformation  behavior.  In  this 
last  sense  especially,  the  value  of  the  technique  extends  bevond  optical 
films  to  fhin  solid  films  generally. 
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In  addition  to  accurately-fabricated  optical  figure-:,  the  .surfaces 
of  high-power  laser  optical  components  must  be  free  oe  field  concentrating 
ind  light  scattering  features  suc  h ns  scratches  and  pit.-*,  is  well  as  ab- 
sorbing surface  contaminant  layers,  embedded  abrasives,  and  perhaps 
cold  worked  surface  material.  In  general,  the  stirfaee  preparation 
proc  edtires  are  broken  into  two  major  parts  - the  generation  of  the 
optical  figure  with  as  nearly  de  fect-free  surface  as  possible  by  some 
ibrnsive  polishing  technique,  followed  by  a second  treatment  sequence 
which  removes  all  harmful  surface  residues.  This  second  sequence  may 
be  a simple*  cleaning  procedure  on  a more  complicated  treatment  which 
includes  chemical  polishing,  annealing,  or  ion  beam  polishing. 

i.  1 Abrasive  Polishing 

\brasivo  polishing  of  optical  surfaces  is  commonlv  carried  out  on 
rotating  pitch  laps  onto  which  a succession  of  slurries  of  progressively 
fin*  r abrasive  is  fed  to  produce  the  final  polished  surface.  Although  the 
details  of  the  abrasive  action  are  not  well  understood,  it  is  generally 
agreed  that  abrasive  polishing  of  optical  surfaces  occurs  through  the 
action  of  abrasive  particles  which  are  more  or  less  free  to  move  on 
t ht  lap  surfaces.  Harder  pitches  facilitate  optical  figure  control,  softer 
ores  produce  more  nearly  scratch-free  surfaces.  The  hardness  of  the 
pitch  can  be  selected  by  the  optician  to  provide  the  proper  balance 
between  "free”  and  "bound"  abrasive,  Further  , in  manv  cases  the 
abrasives  used  during  the  final  polishing  stages  may  not  be  substantially 
harder  than  the  surface  it  is  polishing. 

While  these  techniques  may  be  used  effectively  for  single  crystal 
and  amorphous  materials,  they  will  not  reliably  produce  scratch-free 
optically-figured  surfaces  on  many  polycrystalline  materials.  This  is 
so  because  the  very  gentle  polishing  conditions  which  produce  tl  e most 
scratch-free  surfaces  (soft  laps,  ”sry  fine  abrasives)  polish  the  variously - 
oriented  grains  of  a polycrysfalline  workpiece  at  difference  rates  and 
produce  grain-to-grain  surface  relief.  An  example  of  this  relief  polishing 
is  given  in  Fig.  36a,  an  interferogram  of  the  surface  of  a 2-  inch  diameter 


95 


PB\- 


Fluoride  Surfaces. 


c i-t  poivcrvstalline  .strontium  fluoride  window  polishing  on  a I’olitex 
blip.  me  (synthetic  leather)  pad  using  0.3  u.m  alumina  abrasive.  The 
gr  iin  relief  and  poor  optical  figui  • are  both  obvious.  A pitch  lap 
would  haw  improved  the  figure,  but  the  relief  polishing  would  have 
b.  <n  difficult  to  avoid  on  a highly-polished  surface. 

Tin  use  of  diamond  abrasives  on  pi t < h laps  has  recently  been 
shown  “ to  produce  verv  nearlv  scratch-free  surfaces  on  polycrystalline 
pec i mens  of  zinc  selenide  and  calcium  fluoride  without  producing  relief 
polishing.  Hie  result  of  the  diamond/pitch  technique  applied  to  the  relief- 
polished  strontium  fluoride  specimen  of  Fig.  36a  is  shown  in  Fig.  36b. 
Nomarski  interference  microscopy  of  the  diamond-polished  surface 
showed  it  to  be  essentially  free  of  detectable  surface  scratches.  No 
ietectabh*  relief  polishing  remains  and  the*  surface  flatness  has  improved 
to  a bit  more  than  one  half  fringe  at  the  interferometer  wavelength  (6328 
mgstroms)  over  the  two-inch  specimen.  No  efforts  to  improve  the 
optical  figure  were  made,  but  here  has  been  no  indication  that  any  limit- 
ing opti<  al  figure  for  the  technique  has  been  reached. 

Figure  37  demonstrates  the  removal  of  a second  defect  type  from 
a strontium  fluoride  specimen  by  diamond  polishing.  In  this  case,  a 
groove  has  bet  n produced  at  the  boundary  between  the  large  control  grain 
and  the  surrounding  grains.  Such  grooves  occasionally  appear  during 
the  final  grinding  and  rough  polishing  steps.  Once  established,  they 
are  extremely  difficult  to  remove  bv  conventional  polishing  or  grinding, 
probably  because  the  abrasive  particles  cleave  the  workpiece  at  the 
groove  edge  and  propagate  the  groove  ahead  of  the  polishing  surface. 

The  essentials  of  the  diamond  polishing  technique  as  developed  on 
this  and  previous  projects  are  summarized  in  Table  XII.  We  believe  this 
to  be  a most  useful  approach  to  the  polishing  of  polycrystalline  specimens 
and  recommend  it. 


Trademark,  Geoscience  Corp. 


97 


Grain  Boundary  Removal  by  Diamond  Abrasive  Polishine. 


TAHLE  XII 


STMMAin  OK  DIAMOND /PITCH  PUSHING  TECHNIQUE 


^ * Preliminary  Sample  Preparation  - This  technique  is  the  final 
polishing  step.  The  preliminary  steps,  discussed  in  Ref.  18  , are 
tr r incline  on  glass  laps  with  alumina  grinding  compounds  followed  by 
l>oli.Miing  on  pitch  laps  with  c-  and  a -type  alumina.  Hie  resulting 
surface  is  still  scratched  but  not  relief  polished. 


Pitch  Selection  - Use  the  hardest  pitch  which  will  not  itself 
produce  st  retches  in  the  workpiece.  This  facilitates  optical  figure 
control. 


Anrasivo  Selection  - Use  loose  diamond  powder.  The  various 
vehicles  used  to  produce  diamond  pastes  all  dissolve  pitch.  The  SrK7 
sur laces  discussed  in  this  section  were  produced  with  0-1/2  (Jim 
(nominal  1/4  micrometer)  diamond,  l iner  (0.  1 nm)  abrasive  is  avail- 
able and  may  produce  still  more-  perfect  surfaces,  but  we  have  not  used 
it. 


Abrasive  Application  - Use  wrnter  as  the  slurry  vehicle.  Ethylene 
glvcol  or  triacetic  glycol  (triacetin)  may  be  used  or.  •>’,tch  in  place  of 
w’ater  on  pitch  for  water-soluble  materials.  (We  have  not  yet  used  them 
w’ith  diamonds.)  The  diamond  slurry  is  brushed  onto  the  rotating  lap 
and  forced  into  the  lap  surface  by  the  workpiece-  Once  the  lap  surface 
becomes  charged  w’ith  diamond,  it  will  continue  to  polish.  Only  slurry 
vehicle  additions  are  necessary.  Only  a few  minutes  were  required  to 
charge  the  4 -inch  laps  used  to  polish  the  strontium  fluoride  window’s. 
Diamond  abrasives  may  contain  clumps  of  particles  which  must  be 
broken  down  if  the  abrasive  is  to  function  properly.  This  is  especially 
important  for  polishing  of  soft  materials. 

Lap  Resurfacing  - Improperly  polishing  laps  may  be  regenerated 
by  softening  their  surfaces  with  a torch  and  reworking  them  with  ~ clean 
optical  flat.  This  technique  is  well  known  to  opticians;  it  is  mentioned 
here  because  it  is  especially  effective  for  diamond-charged  laps. 
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TABU  XU  (Continued) 


! 


(i.  Foli.-hine  Conditions  - The  str  ontium  fluoride  specimens  w<  »•<. 

hed  at  a total  pressure  of  approximately  one  pound  per  square  inch 
on  ! ips  rotating  it  approximati  dv  10  rpm.  No  attempt  to  optimize  these 
p it  ura  ter.-  ha.-  Iieen  made. 

7.  (irain  Bound  irv  Removal  - The  kev  to  r emov  al  of  grain  houndary 
groove-  qipears  to  he  the  us<  of  a diamond  paste  together  with  moderately 
har  I to  -vnthetir  lap  surfare.  in  the  case  discussed  above,  the  grain 
boundary  vva-  removed  hv  polishing  on  a No.  'MOd-K  mint  rforated  pad 

>t 

with  No.  i-\\ -40  diamond  paste.  The  firm  hacking  apparently  permits 
the  diamond  to  cut  material  awav  from  the  groova  without  fracturing  the 
groove  edge.  The  resulting  surface,  though  free  of  grain  boundary  grooves 
is  scratched  and  must  be  finished  on  pitch  as  described  above.  A reason- 
able optical  figure  may  be  maintained  during  the  grain  boundary  groov  e 
removal  by  mounting  the  pad  onto  the  lap  with  a thick  pitch  layer  and 
pressing  it  flat. 

Although  the  details  of  the  material  removal  mechanisms  are  not 
understood,  relief  polishing  is  apparently  avoided  because  the  great 
hardness  of  the  diamond  permits  it  to  cut  off  all  grains  of  the  polycrystalline 
materials  with  equal  ease.  Further,  the  diamond  is  largely  fixed  in  the 
lap  surface.  As  the  polishing  proceeds,  it  may  be  progressively  forced 
into  the  pitch  lap  surface  to  produce  the  effect  of  progressively  finer 
abrasives. 


Obtained  from  ■ I.  T.  Morris  Co. , Southbridge,  Mass. 
Obtained  from  F.ngis  Corp,  Morton  drove,  Illinois 
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rh,‘  p!  0o‘1,,t'L‘  in  Table  X1J1  was  adopted  to  < If  in  strontium 

Ih,l,,'i  h “ ,<s*  Th“  '-n'iou*  Mops  in  tin-  process  we,-*  < hos,.n  to  re- 

:rov,  both  particulate  matter  and  residu.  > from  th.  pitch  lap. 


1. 


TAM. I.  Mil 

1 U ^N'1N'(:  i’KOC  1 1)1  lti:S  1 OR  s ri«)\  Idl'M  I UORIDI. 

Uasli  in  w irm,  non-ammoniated  deterg.  nt  .solution,  wip<  gently 
v.ith  ( otfon  diap.a-  or  p .iva-  ,de  t-  atcrial/' 


diiist-  in  filtered,  deionized  water. 

• Kinsf-  in  filter*  1 trichloroethylene. 

*•  Kin.se-  in  spr.iv  of  tiltered  isopropanol. 

>.  Suspend  in  vapors  of  boiling  Freon  lid  until  Freon  condensation 
on  surface  stops  dripping. 


G. 


Remove  to  draft-free  area  and  cool  to  room  temperature. 


This  cleaning  procedure  was  applied  to  a set  of  four  Sri-,,  specimens 
ringing  in  thickness  from  1.  1 to  4.5  centimeters  which  w-ere  polished  to- 
L-ther  by  the  diamond  technique  described  above.  The  total  absorption  of 
each  specimen  at  5.  J5  ,-im  was  determined  calorimetrically  at  two  loca- 
tions. Results  are  summarized  in  Fig.  dB, where  a large  variability  of 
absorptivity  between  paired  determinations  on  each  specimen  can  be 
observed.  ( arcful  examination  of  the  specimens  revealed  that  they  con- 
tained occasional  inclusions  which  mav  have  contributed  to  the  higher  of 
the  paired  values  and  increased  the  uncertainty  of  the  measurements. 

These  specimens  were  taken  from  a locate  close  to  the  surface  of  the 
casting;  sucii  end  pieces  may  be  less  perfect  than  the  bulk  of  the  casting. 

Pellon,  Style  dOl,  Pellon  Corp. , Lowell,  MA 
Trademark,  DuPont  C’or~  aany. 
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Specimen  Cast  SrF2 

Diamond  Polish  , Pitch  Lap 
Clean  in  TCE  , Isopropanol  .Freon 

o 


o 


o 


Slope  = 6.612.5  x IO'9  (8  points) 
= 6.6  ± I . I x IO'9  (4  points) 

O Intercept 

= 9.1  1 7x  IO'9  (8  points) 

= 2.1  ± 3x  I O'5  (4  points) 


It  t:  is  wt*ri'  so,  it  would  be  reasonable  to  take  the  lower  four  points  to 

represent  ttie  bulk  material  and  calculate  a surface  absorptivity  of 

approxir  atelv  1X10  per  surface  at  3.23  u!t  . Taking  all  eight 

lata  points  increases  trie  surface  absorption  only  to  4.3  3. 5 X 10  ->, 

still  a low  value.  In  both  cases,  the  bulk  value  is  f, . r,  x lo’  ‘ n- 

V.  *■  note  aere  that  this  specimen  was  produced  (on  another  protect  at 

1<* 

t >•  Researel.  Pivisionl  by  casting  of  inexpensive  reagent -grade  powder 
vv  a-1  • ad  been  purified  prior  to  the  casting  by  an  uninvolved,  inexpensive 
process • 

'0 

Professor  J.  HarringtonT  I'niversitv  of  Alabama,  Hunt-  ville,  ha - 
m*  asurcil  the  absorptivity  of  strontium  fluoride  at  the  HI  and  1)1'  chemical 
• ' t't'  wavelengths  (2.8  and  3.8  riijcromcterst  to  be  1-2  • 10  ‘ for  centimeter- 
’hick  pieces,  an  order  of  magnitudt  higher  than  our  v line-  whic  h were 
taken  at  a.  23  micrometers. 

We  believe  the  dilferenre  to  be  caused  bv  the  present  e of  a contam- 
inating surface  Inver  which  i.->  more  absorbing  at  2.8  and  (.8  micrometers 
than  at  a.  2a.  Fhe  difficulty  ot  obtaining  tt  -urface  which  is  non-absorbing 
at  th<  tluoride  laser  wavelengths  i.-  ilh.ist rated  bv  the  experiments,  sum- 
marized in  lig.  30.  I he  four  traces  are  ATK  spectra  of  a specimen  of 
barium  fluoride.  The  first  was  taken  immediately  after  it  was  removed 
from  its  polvmer  shipping  bag,  the  second  after  a five  minute  wash  in 
trichloroethylene.  Trichloroethvlene  was  chosen  as  the  solvent  because 
its  infrared  absorption  spectrum  contains  no  bands  in  the  3000-2300  cm  * 
range.  Organic  compounds  containing  C-H  bonds  (effectively  all  organic 
surface  contaminants)  contain  strong  absorptions  at  approximately  2013 
and  2843  cm  1 due  to  the  C'-H  bond  stretching. 

The  trichloroethylene  wash  did  not  completely  remove  the  hydro- 
carbon contamination  so  a second  cleaning,  a five  minute  immersion  in 
boiling  trichloroethylene  was  evaluated.  Finally,  the  specimen  was  al- 
lowed to  remain  in  the  spectrometer  for  24  hours  following  the  boiling 
treatment  and  a fourth  spectrum  was  taken. 

The  ATR  spectra  of  Fig.  39  demonstrate  several  points.  First, 
storage  of  the  ATR  plate  in  a polymer  container  produced  a significant 
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absorption  both  at  2915  cm  * ant)  at  2B20  cm  ^ Ct.fi  fini).  Second,  trichloro- 
ethylene ( loaning  cannot  completely  remove  the  contamination,  although 
the  boiling  solvent  nearly  removes  all  detectable  traces  of  it.  Third,  the 
cb  tit  snrtaee  is  very  easily  recontaminated.  The  -urface  absorptivity 
ot  tin  boil*  ! specimen  inert  ased  by  nearly  a factor  ot  two  during  the  24 
hour  storatM  in  what  should  have  been  the  relatively  clean  environment 
the  itilrar.  i spectrometer.  The  sample  holder  touched  the  specimen 
onlv  at  'hi  edges  .and  was  itseli  cleaned  in  trichloroethylene  prior  to  the 
• \periments.  1’he  sample-  chamber  was  Hushed  with  tank  nitrogen  which 
either  contained  sufficient  hydrocarbon  impurities  or  was  able  to  desorb 
them  from  th<  interior  of  the  spectrometer  and  redeposit  them  on  the 
specimen.  Id-. ally,  the  experiments  demonstrate  the  necessity  of  evalu- 
ditK  surface  cleaning  procedures  for  laser  optical  components  a*  the 
'a  '■!'  ngths  at  whii  h *hev  will  ultim.atelv  be  used.  Since  these  components 
•'.ill,  in  general,  receive  antireflection  coatings,  the  optimized  cleaning 
procedure  must  additionally  produce  a - irfare  upon  whit  h an  adherent 
. oating  can  be  deposited. 

An  estimate  of  the  quantitative  absorptivity  of  the  contaminant  layer 
was  obtained  bv  assuming  the  difference  between  the  trace  at  2915  cm" 
and  at  extrapo!  ttion  of  the  curve  away  from  the  absorption  peak  to  be  the 
total  absorption  due  to  the  contaminating  hydrocarbon  laver.  The  infrared 
beam  is  reflected  twenty-two  times  as  it  transits  the  barium  fluoride  plate. 

\t  each  reflection,  the  evanescent  wave  travels  twice  through  ttie  surface 
layer,  which  is  assumed  to  have  the  same  index  of  refraction  as  the 
strontium  fluoride.  The  absorptions  per  pass,  taken  as  the  total 
absorption  divided  by  forty  four,  are  given  in  Table  XIV.  In  the  last 
column  in  the  table,  the  absorption  at  the  UK  laser  wavelength  is  estimated 
as  being  five  percent  of  the  absorptivity  at  2915  cm  the  peak  of  the  C-H 
bond  stretching  absorption.  A review  of  infrared  absorption  -pertra  of 
hydrocarbon  compounds  indicates  this  to  be  a reasonable  one. 

20 

Harrington  has  measured  total  absorptions  of  strontium  fluoride 
specimens  at  3.8  micrometers  and  found  them  to  he  at  least  an  order  of  magni- 
tude higher  than  these  surface  absorption  estimates,  coupled  with  reasonable 
estimates  for  bulk  absorptivity, would  allow.  Further,  the  total  absorptivity 
of  his  specimens  may  be  reduced  by  an  amount  which  is  several  times  larger 
than  our  surface  absorptivity  estimates  by  vacuum  heating.  We  believe, 
therefore,  that  the  AT  It  spectra  should  not  be  used  to  estimate  surface 
absorptivities  quantitatively  although  they  do  provide  useful  qualitative  information 
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ATII  S PKC  TKOSC'OPY;  HYDROCARBON  CONTA  MINA  TION  OF  BaF„ 


Absorption  per 

Pass  (fraction) 

Trace  No. 

At  2P15  cm"1 

At  2632  cm 

Treatment 

(maximum) 

(3. 8 pm) 

1 

As  received 

5.5  x 10" 3 

2.7  > 10‘4 

2 

Trichloroethylene  Wash 

6.75  X 10"4 

3.5  X 10"5 

.3 

Trichloroethylene  Boil 

3.25  X 10"4 

1.6  X 10"5 

4 

24  hour  storage  after  boil 

5.  75  X 10"4 

2.9  X 10"5 

Finally,  we  note  that  the  cleaning  procedures  of  Table  XIII  will 
probably  not  minimize  the  surface  absorptivity  of  alkaline  earth  fluorides 
at  3.R  micrometers.  At  the  very  least,  some  treatment  with  heated 
solvents  must  be  included.  This  step  will  prove  to  be  difficult  to  apply 
to  large  alkaline  earth  fluoride  specimens,  which  are  sensitive  to  thermal 
shock.  In  this  context,  we  note  that  boiling  Freon  113*  appeared  by  ATR 
spectroscopy  to  he  as  effective  as  boiling  trichloroethylene  in  removing 
'ivdrocarhon  contamination  from  both  barium  fluoride  and  zinc  selenide 
surfaces.  This  observation  is  worth  noting  because  the  Freon  boils  at 
AT  C and  would  be  less  likely  to  cause  thermal  shock  problems  than 
trichloroethylene,  which  boils  at  87°  C.  The  large  decrease  in  absorption 
at  3.8  micrometers  produced  on  SrFg  by  vacuum  heating  demonstrates  that 
substantial  surface  absorptions  may  remain  even  on  carefully  cleaned 
alkaline  earth  fluoride  specimens.  Surface  cleaning  studies  should  be 
continued,  as  should  calorimetric  measurements  at  all  the  important  laser 
wavelengths.  Vacuum  heat  treatments  should  be  pursued  and  should  be 
performed  in  the  laser  calorimeter  sample  chamber  so  that  atmospheric 
recontarnination  does  not  occur. 


* 
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mui:r  ri()\Ts  for  i ftfri:  work 


■4.  o 


'I'hc  tasks  for  this  project  addressed  both  the  development  of 
characteri  ■ ation  techniques  for  thin  films  and  the  eha ramerization  of 
commrrc  ialiv-nvailuhle  examples  of  important  film  materials.  Kxperi- 
nu  nf  il  work  dismissed  in  this  report  has  identified  dire,  tions  for  further 
tr  uit.ul  v.  or  k in  bo*h  ireas.  Specific  areas  of  important  <•  a re  summarized 
below . 


4.1  ( Iptiral  I Voper  f ies 

(1)  1 h • • < ontributors  to  absorptivity  of  optical  films  at  important 

l is,u  wavelengths  should  he  identified  bv  careful  correlation  of  deposition 
parameters  and  absorption  measurements.  For  these  experiments  both 
"fa  lcp<<sit!ons  and  absorption  n easurements  should  he  carried  out  in  the 
>.irne  Iabora'orv.  The  goals  ot  tfv  exper  iments  are  the  minimization  of 
!,oth  tlisolufe  levels  of  absorptivity  and  the  depo^ition-to-deposition 
'.ari  ihili t\  *h<  reof.  Results  of  the  wcrk  should  be  distributed  among 
< ommerr  j ,r  fjlm  suppliers. 

(A)  F valuation  of  state-of-the-art  example-  of  rommereinllv- 
ivailnble  films  should  continue.  In  this  studv,  optimized  substrate  ma- 
terials and  surface  preparation  tec  hniques  should  be  used  to  maximize 
the  sensitivity  of  the  calorimetric  absorption  determinations  and  tc 
permit  studv  of  light  scattering  bv  the  films. 

Optical  evaluation  of  both  commercial  and  research  films 
should  be  expanded  to  include  light  scattering.  These,  in  turn,  should 
be  correlated  with  laser  damage  information  to  determine  ti  e possibility 
of  nondestructive  techniques  for  damage  threshold  prediction.  In  this 
context,  the  integrated  optics  techniques  should  be  pursued. 


M'  Optical  evaluation  techniques  for  both  films  and  surface  should 
he  expanded  to  include  effects  of  environmental  exposure  upon  absorptivity 
and  scattering. 

F1))  Optical  evaluation  of  noth  films  and  surfaces  should  be 
expanded  to  include  studies  carried  out  at  2.8  and  8.8  micrometers. 
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Phis  is  most  immediately  important  for  the  determination  of  techniques 
for  producing  and  maintaining  minimally  absorbing  surfaces  for  hydrogen 
and  deuterium  fluoride  laser  optical  components. 

16)  The  theoretical  and  experimental  treatment  of  thin  film 
calor imetrv  should  be  extended  to  multilayer  coatings.  There  is 
presently  a considerable  variation  in  file  absorptivity  produced  by 
uncontrolled  variations  in  deposition  parameters  among  single  layer 
films.  The  intentional  variations  of  deposition  parameters  used  bv 
commercial  suppliers  to  produce  multilayer  coatings  mav  reasonably 
be  expected  to  produce  further,  as  vet  unmeasured,  variations  in  the 
properties  of  the  coatings  whic  h will  actuallv  find  use  in  high-energy 
laser  optics . 

4 . 1 Mechanic  al  Properties 

(1)  The  application  of  ultramicrohardness  testing  of  thin  films 
should  be  continued  and  refined.  Goals  of  the  experimental  work  should 
inc  lude: 

a)  Determination  of  environmental  effects  on  film  hardness 

and  adhesion. 


b)  Separation  of  film  durability  and  adhesion  effects. 
For  this  work,  microhardness  and  scratch  adhesion  tests  might  be 
compared. 


c)  Correlation  of  micro-testing  with  macroscopic  film 
durability  tests  and  development  of  new  durability  tests. 

ri)  Correlation  of  film  durability  with  deposition  conditions. 

(2)  Finally,  component  surface  finishing  techniques  should  be 
optimized  to  produce  simultaneously  the  lowest  optical  absorption 
(measured  at  the  use  wavelength),  the  maximum  physical  strength,  and 
the  most  adherent  optical  coatings.  This  sort  ot  coordinated  information 
does  not  now  exist  for  any  material. 
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coolants  lor  deuterium  fluoride,  carbon  monoxide,  or  carbon  dioxide 
lasers  were  identified. 
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